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ABSTRACT

The 3D IC technologies can improve circuit performance and reduce wirelength.
However, its thermal problems have become more serious. In this thesis, we propose
a thermal aware 3D IC placement by using 3D partition to reduce the number of
through-silicon via and to optimize wirelength and temperature. In our methods,
thermal effect is integrated with the placement process by net weighting so that
the min-cut in every partition process would reduce temperature. Furthermore, we
distribute white space uniformly to dissipate heat. The experimental results show
that our thermal aware 3D IC placement algorithm can reduce about 29% max

temperature with only 2% increase on wirelength.
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Chapter 1

Introduction

1.1 Motivation and Contributions

With the advencement of VLSI, three-dimensional integrated circuits have be-
come an important technology which reduces interconnect delay and improves sys-
tem performance [3]. Moreover, the shortened wirelength(Figure 1.1) can also
reduce the power consumption of the circuit. To realize the 3D ICs’ potential, more

and more design tools are developed.

In 3D IC, through-silicon(TS) vias are used to connect device layers [2] (see Fig-
ure 1.2). Typical size of TS vias ranges from 5um to 20um, which are much larger
than wires, local vias, and cells. Therefore, a large number of TS via will affect
overall chip area. So, we need to control the number of TS via in the circuit during

physical design process. Recently, many two-dimensional (2D) placements are ap-
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Figure 1.1: Wirelength reduction



substrate

Figure 1.2: TSV in 3D

plied to three-dimensional placement using technics such as nonlinear-programming,
partitioning-based, force-directed, quadratic programming placement. However the
main difference between 2D placement and 3D placement is that 2D placement only
needs to consider wirelength but 3D placement needs to optimize both wirelength

and TS via counts.

Because of high power densities(see Figure 1.3) and low thermal conductivities,
one of the most critical issues of 3D IC design is thermal [1]. However, how to
integrate thermal with placement process is a big problem. The reason is that
precise thermal analysis such as finite element method (FEM) and finite difference
method (FDM) take too much time. In fact, many placement algorithms are iterative
processes. Thus, fast thermal calculation in placement process is the commonly used

method.

In this thesis, we propose a thermal aware 3D IC placement through the fol-

lowing procedure: 3D IC partition and 3D IC placement. For 3D IC partition, we



Figure 1.3: High power density

propose two-layer FM partition and multi-layer FM partition methods. As for 3D IC
placement, it is composed of partitioning-based placement and simulated annealing
refinement. Our contribution is that TS via numbers are minimized by 3D IC par-
tition and thermal problem is integrated with placement process by net-weighting

and white-space distribution.

1.2 Thesis Organization

The rest of this thesis is organized as follows. Chapter 2 introduces preliminaries
about thermal aware 3D IC placement overview and problem formulation. Chapter
3 describes our methodology algorithm. Chapter 4 shows the experimental results

and Chapter 5 presents the conclusions and future works.



Chapter 2

Preliminaries

2.1 Thermal-Aware 3D IC Placement Overview

2.1.1 3D IC Placement

Today, the general cell placement algorithms are quadratic placement, partitioning-
based placement, force-directed placement and simulated annealing placement. Above
algorithms are used by most of existing placers because of their performance. Many
3D cell placers exist in the literature. Most of 3D IC placement methods could be
viewed as the extension of 2D placement techniques. We would introduce the 3D

placement techniques as follows.

Partitioning-based approach would separate the region iteratively. The cost of
the partitioning is measured by a weighted sum of the estimated wirelength and the
TS via number. In [15], partitioning-based placement is divided into two procedures:
layer assignment and partitioning-based placement in each layers. As [8] and [13],
it merges the layer assignment and partitioning-based placement in layer process.

And in [8], it adds thermal effects into net-weighting.

Quadratic placement approach and force-directed placement approach are devel-
oped from analytical placement approach. The minimization of a quadratic objective

function could be transformed to the function of linear system. In [7], it applies a



force-directed placement approach to decide the cell placement, and the tempera-
ture is interpreted as thermal force. However, a 3D force-directed placement would
place each cell in a true 3D space making z -position to be continuous value. So,
rounding is needed for layer assignment. A quadratic programming approach [9]
was also applied to the 3D context, which integrates thermal effect with a discrete

cosine transformation base cost function.

Multilevel approach further applied to the analytical placement approach [10]. It
adds the density penalty function into objective function and solves the placement
problem from the coarsest level to the finest level. However, it does not consider

thermal effects during placement process.

Despite above approach, in [6], it uses a 2D placement results and then uses
folding /stacking based layer assignment. In this work, thermal is only considered

during legalization process.

2.1.2 Temperature Calculation

Many methods have been used to calculate temperature results such as finite ele-
ment analysis (FEA), finite-difference method (FDM), finite volume-based method,
Fourier method, alternating direction implicit (ADI) method, and Green function
method using discrete cosine transforms. Furthermore, some placements would use
fast temperature calculation method during placement process. The temperature

calculation methods are described as follows.

In [6], it uses compact resistive thermal network from CFD Research Corporation
to calculate temperature. Compared with the accurate simulation tool, the error
of this resistive network is smaller than 2%. It uses closed-form formula method

during legalization to speed up.

In the case of [9], it construct the linear system of thermal resistive network



and solve it by linear solver. It develops two fast but lack of accuracy temperature
calculation methods to integrate temperature in the objective function. The first
method makes use of thermal contribution of cells in a region and the second method

updates the temperature in the same ratio as the power density ratio.

Finite Element Analysis (FEA) method was also applied to [7] and [8] to calculate
temperature results. As [14], a 3D-ADI thermal simulator [5] is used to calculate
temperature and it does not update temperature in every change because it is too

expensive from runtime point of view.

2.2 Problem Formulation

Given a hypergraph H = (V, E), the placement region R, and the number device
layer K, where V' is the set of cells and E is the set of nets, a placement (z;, y;, 2;) of
the cell satisfies that (z;,y;) € R and z; € {1,2,..., K}. The task of thermal-aware
3D placement problem is to assign a position (z;,y;, 2;) to every cell v;, so that the

total wirelength, the TS via numbers and the temperature are minimized.

To optimize thermal during placement process, we define the objective function
which is a weighted sum of the total wirelength and TS via number, cell temperature.

OBJ =Y (WL(e) + arsyTSV(€)) + Cemp Y T (2.1)

eck v; €V
where W L(e) is the bounding box wirelength and 7'SV (e) is the number of the TS
via number for net e, Tj is the temperature of the cell i, argy is the TS via coefficient

and oem, is the thermal coefficient.

We use traditional half-perimeter model for wirelength calculation and project

all cells to 2D plane, where the wirelength W L(e) of a net e is calculated as follows:

WL(e) = (maxiz;} — min{z;}) + (max{y;} — min{y;}) (22)



We also estimate TSV number through similar model. The TS via number

TSV (e) is calculated as follows:

7SV (e) = (max{=)} — min{z}) (2:)



Chapter 3

Methodology

In this chapter, we propose a 3D IC placement considering thermal and white-
space distribution. The organization of this chapter is described as follows. First,
we introduce the flow of our methodology in Section 3.1. Second, in Section 3.2,
we describe layer assignment considering area balance which includes TS via area.
Then, the thermal model in this thesis is shown in Section 3.3. In Section 3.4, a
partitioning-based 3D IC placement considering thermal and white-space distribu-
tion is implemented. Finally, the simulated annealing refinement method is pre-

sented in section 3.5.

3.1 The Flow of Our Methodology

The whole methodology flow is shown in Figure 3.1. A 3D IC partition is
first used to distribute cells to different layers. The goal of 3D IC partition is to
minimize the connections between layers and consider area balance in every layer
at the same time. Then, a 3D IC placement is used to produce placement results.
Partitioning-based placement is the main technique of 3D IC placement, and then it
uses a simulated annealing to refine the placement result. During partitioning-based
placement, it would consider thermal effects during min-cut and the partition would

terminate if it cannot satisfy partition tolerance. A simulated annealing refinement
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Figure 3.1: Our methodology flow chart

process would reduce wirelength by iteration. Finally, we would get the placement

result for each device layer.

3.2 Layer Assignment Considering Area Balance

The partitioning-into-layers step is performed using multi-layer FM partition
together with two-layer FM partition and the illustration shows in Figure 3.2. The

goal of partitioning-to-layers is to minimize the TS via number.

Two-layer FM partition is the traditional FM partition implemented. It executes

FM partition in two layers so that cells can only move between two layers. The goal



Figure 3.2: Partition to layer

of two-layer FM partition is to generate a min-cut partition in two layers under area

balance constraint.

We develop a new multi-layer FM partition which is modified from traditional
two-layer FM partition. It would consider more than two layers during FM parti-
tion. When we execute two-layer FM partition, it would generate a good min-cut
partition result in only two layers, but the total TS via number may get worse while
considering whole layers and it would take too much time during iteration. There-
fore, we change two layers into whole layers. In this way, cells can move between
three layers which include this layer, upper layer and down layer. As a result, we
divide the gain of the cell into move up gain and move down gain. So, it is more

efficient to use multi-layer FM partition than two-layer FM partition.

The procedure is shown in Figure 3.3. The flow of layer assignment starts from
initial partition which assigns cells to different layers in distribution, and then multi-
layer FM partition is implemented to minimize TSV number. At last, we use two-

layer FM partition iteratively to further minimize TSV number.

10
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Figure 3.3: Partition procedure

3.3 Thermal Model

3.3.1 Heat Transfer Equation

The temperature distribution in a chip is governed by the heat conduction equa-

tion:
oT(r,t)

PC ot

= VIk(r, T)VT(7,t)] + g(7, t) (3.1)

where p is the density of the material, C, is the specific heat of the material, x is the
thermal conductivity of the material, T" is the temperature, and ¢ is the heat gener-
ation rate. This equation is derived from the law of energy conservation. pCp%—de
is the rate of energy causing the temperature increase, [ kKVI'dA = [ V[skVT]dV is

the rate of heat flow entering the volume,and [ gdV is power generated in volume.

If we model packaging, heat sinks, and cooling systems as 1-D equivalent thermal

resistance, the equivalent boundary condition is:

OT(F, 1)

k(7 T) 5

11



where h¢ = 1/A'R} is the heat transfer coefficient in the direction of heat flow 4
.fi is an arbitrary function on the boundary surface, A’ is the effective area normal

to 7 and R} is the equivalent thermal resistance.

3.3.2 Finite Difference Method

In this work, we use the thermal model proposed in [4]. In homogeneous material,

the heat transfer equation can be obtained by

pCp J+9(7t) (3.3)

OT (7.t O*(Ft)  O*rt) (Tt
0200 e oo

This equation can be discretized with size Az, Ay and Az in x, y and z di-
rection(see Figure 3.4 ). Then the temperature T'(x,y, z,t) at node (i, j, k) can
be replaced by T'(iAx, jAy, kAz,t) , which is denoted as T; ; for the rest of the
thesis. Using central-difference equation, the difference equation at node(i,j,k) can

be expressed as

dﬂ, i,k T
pCAV—2= = —r (T = Tior k)

“(Tijk — Tis1 k)
x

“L(Tijk — Tij-1k)

—k-L(Tijk — Tijs1k)

= (Tijx— Tijk-1)
2

—kATijr — Tijit1)

Az
+AV gk (3-4)

where AV = AzAyAz is the volume of the node(i,j,k), AVg is the total power

generated within the element, A, = AyAz, A, = AzAz, A, = AzAy.

12



Figure 3.4: Discretize 3D plane with Az, Ay and Az in x, y and z coordination

The equation can further be translated into the equivalent lumped thermal circuit

as shown in Figure 3.5:

09% n ) L5 oa N \\ Tiv1jk — Tijk
dt R} ik Ry ik
_{_Ti,jfl,ek — T3k o Ti,j—‘rl,ek — T jk // Tz’,j,kfel —Tijk
Ry 1k R i1k R v
Tijrr — Tijr 0 (3.5)
9 ) .

Rk
where €% = pC'AV is the thermal capacitance, AV g is the heat flow from power
generated in AV, and Rfim’k = KATCZ’ Rf’jﬂ?k = HATyy, and sz’kil = HATZZ are the ther-
mal resistances. In isothermal boundary condition, the nodes which are connected
to the ambient correspond to the ground node. The analogy between electrical and
thermal circuits is shown in Table 4.1. In fact, this equation is equivalent to the

KCL in electrical circuit at node (i, j, k) because heat flow equals to current flow in

electrical circuits.

From the above equation, we can construct the thermal circuit. First we decide
the grid size and then resistance and heat flow also present. After mapping thermal
circuit into electrical circuit, we solve the lumped thermal circuit by SPICE. Finally

we get the temperature of each node.

13



Tijk+1

Tij<1.k

Tijk-1

Figure 3.5: Thermal circuit

Table 3.1: Analogy of the equivalent thermal circuit

Electrical Circuit Thermal Circuit
Vo [V] Voltage T [°C] Temperature
I [4] Current Flow Q [W] Heat Flow
o [1/9m] Electrical Conductivity | x  [W/°Cm] Thermal Conductivity
R [Q] Resistance R [°PC/W] Thermal Resistance
C [F] Capacitance Cc? [J/°C] Thermal Capacitance

14



3.4 Partitioning-Based Placement Considering White
Space Distribution

The following algorithm describes partitioning-base 3D IC placement process:

Partitioning-based 3D IC Placement

1. for all layers i = 0 to L-1

2. do partitioning-based placement of layer ¢

3. while quene not empty

4. do dequene a block

5. if satisfy the partition tolerance

6. than bipartition into smaller block
7. enquene each block

8. else the block is finished

After layer assignment, partitioning-based placement is performed on each layer.
The placement of each layer is based-on recursive bisection using Patoh [17] par-
titioning algorithm. The goal of this stage is to minimize wirelength and thermal
effects. When a region is partitioned, two new regions are created from the par-
titioned cells and the divided areas. For each partition process, we use terminal
propagation [18] to consider the connectivity outside the region so that the wire-
length would not be too large. In the fixed-die placement constraint, the white space
is given before placement. Therefore, we distribute white-space in every small re-
gion to dissipate heat. In Figure 3.6, after layer assignment and partitioning-based
placement, the placement is divided into many small regions. In a small region only

few cells are there.

15



Figure 3.6: Layer assignment and partitioning-based placement

3.4.1 Thermal-Aware Net-Weighting

In order to add thermal effects to partitioning-based placement, we use net-
weighting technique [8]. It would consider the power and thermal resistance used in
each net. Originally, the objective function with thermal consideration is represented

as

OBJ =Y (WL(e) + arsy TSV (€)) + Ciemp Y T (3.6)

eck v, eV
However, T; can be replaced by AT; which is the temperature change of cell 1.

And AT; can be calculated by fast calculation during placement process:
AT, = P, x R; (3.7)

where P; is the power dissipation of cell 7, and R; is the thermal resistance of cell i.

Therefore, the objective function becomes:

OBJ = > (WL(e) + arsyTSV(€)) + temp Y AT

eckE v; eV
= Y _(WL(e) + arsy TSV (€)) + temp > _ RiP; (3.8)
eckE v, EV

In this stage, the thermal resistance of cell i is calculated as:

Ri = (R s+ Ryignei + Rrcari T Riponti + Boottoms + Riopi) (3.9)

right,i rear,i front,i bottom,,i top,i

where Rl_ejlctyi, R} R} R} R; ! - are calculated by simplify finite

—1
right,i’ ~‘rear,i’ }%front,i7 bottom,i’ ~ “top,i

difference method (FDM) which assumes that heat flows in a straight path form

16



the cell to the chip surface in all three directions and that the cross sectional area
of a path is equal to the same size as the cell. We also assume that total power is
dominated by dynamic power. Therefore, the power dissipation of cell 7 is
Pi= Y 056fVhp(CoorwrWL(€) + Crarrsv TSV (€) + Cperpinni™ ")
netedrivenbyv;

(3.10)
where a; is the switching activity, f is the clock frequency, Vpp is the power supply,
Chperrsy is the capacitance per wirelength, Cperrsy is the capacitance per TSV,
Cherpin 18 input pin capacitance, and n. is the number of the cell input pins attached

to net 7.

inputpins
e

By dropping the terms Cperpinn and replacing Cperrsv by Cperwrarsy,

the objective function can be expressed as
OBJ =Y (14 uemp* Y Ri%x05afV)pCoerwr)(WL(e) + arsy TSV (e))

ecE cellv;drivingnete

(3.11)

The general weighted wirelength objective function of 3D IC placement can be

expressed as

OBJ = (14 r)(WL(e) + arsy TSV (e)) (3.12)

ecE

From the above two equation, we can obtain the net weighting is

Te = Qitemp * Z R; * O.5aer5DCpe7‘WL (3.13)

cellv;drivingnete

Therefore, in every partition process, we should minimize the weighted cut size

Y eiseut(1 + 7¢) to obtain a thermal-aware partitioning-based placement results.

17



White space

Figure 3.7: White space

3.4.2 White Space Distribution

After we convert the benchmark from 2D to 3D, we should decide the area of
a layer. If we set the layer area the same as the 2D benchmark, the performance
would be very bad because the cells may spread out the whole chip. In our work,
the benchmarks are integrated with four layers. The placement area is scaled by

dividing the original area by 4, and then enlarging it to obtain more white space.

In fixed-die constraint, the chip area, core area, rows and available sites are
given before design [20]. Therefore, we have white space now. So using white space
to increase heat dissipation is a method to solve thermal problem [21]. However,
the fixed-die style does not change the placement method but make problems. For
example, in fixed-die placement, purely minimizing wirelength tends to place all
the cells close to each other, but the congestion of this design tends to make heat
dissipation worse. Therefore, it would be a trade-off between providing white space

for heat dissipation and wirelength reduction.

In this work, we assign white-space in distribution so that in every small region
could have space to dissipate heat. Figure 3.7 shows the white space preserved for

heat dissipation. It ensures that white space would not compact on one region.

18



Table 3.2: Cooling Schedule o vs. T

For T> o
40000 0.8
20000 | 0.84
10000 | 0.88
5000 0.91

200 0.94
100 0.9
50 0.85
5 0.8
1.5 0.7
0 0.1

However, we should consider the situation that the cells would be distributed in
chip everywhere making the wirelength worse. As a result, we should just preserve

the white space which we need in a small region.

We calculate the white space in the small region as a percentage. After partitioning-
based placement, in every small region we would perserve nearly the same percent-
age. Therefore, it would not cause the situation that the white space is located in

only one region.

Thus, using the above techniques including net weighting and white space dis-

tribution, we can obtain the placement result with thermal considerations.

3.5 Simulated Annealing Refinement

In this stage, we use simulated annealing refinement to further reduce wirelength.
We use swapping a pair of cells and displacement of a single cell to white space to

realize simulated annealing. Wirelength could be minimized by a long run time.

For simulated annealing, the cooling schedule strongly affects the quality of the

final placement. In this work, we use Timberwolf [19] cooling schedule. The update

19



of temperature is given as:

Thew = (Tog) * Tya 0 < av < 1 (3.14)

The variable « is shown in Table 4.2. In this way, for T' > 40000, « is set to
0.8, for 40000 > T > 20000, is set to 0.84, and so on. Using this cooling schedule,
temperature is reduced iteratively until 7" < 0.1. We can find the global optimal
solution when we adopt this cooling schedule. Therefore, we can obtain the final

placement result by iteration.

20



Chapter 4

Experimental Results

Our algorithms were implemented in C++/STL, compiled with gcc v4.1.2 and

run on Intel 5160 1998 MHz workstation.

We test the algorithm on IBM-place 2.0 benchmarks [22] for standard cells, and
the characteristic of the benchmarks is present is Table 4.1 with the number of cells,
the number of nets. Because only these testcases are transformed to lef and def
file, we only test our algorithm on these testcases. In our work, the benchmarks
are integrated with four layers for all test cases. The placement area is scaled by
dividing the original area by 4, and then enlarging it to obtain white space. The
grid size is set to 20 x 20 x 4. The substrate thickness was set to 500um, the layer

thickness is set to 5.7um, and the interlayer thickness was set to 0.7um.

The thermal conductivity of the silicon in the chip substrate was set to 10.2W /mx
K. The power dissipation of each cell was calculated by multiplying its area by a

random value range from 0 to 2 x 107WW/m?. The top and sides of the chip were

Table 4.1: Characteristic of benchmark
circuits | cells nets
ibmO1 | 12028 | 11753
ibm02 | 19062 | 18688
ibmO07 | 44811 | 44681
ibm08 | 50672 | 48230

21



Table 4.2: Experimental results comparing partitioning-based placement with and
without thermal

circuits | Partitioning-based Placement | Partitioning-based Thermal-aware Placement
WL | TSV number | CPU | WL | TSV number CPU
ibm01 | 94.8 3222 16.4 | 114.7 3222 16.9
ibm02 | 240.7 1212 48.6 | 255.0 1212 50
ibm07 | 507.4 19202 152.9 | 524.2 19202 155.9
ibm08 | 505.0 22199 261.6 | 620.2 22199 265.8
avg 1 1 1 1.12 1 1.01

Table 4.3: Experimental results comparing placement with and without thermal

circuits Placement without thermal Thermal aware placement
WL | TSV number | Tyhee | CPU | WL | TSV number | Tiq0: | CPU
ibm01 | 58.4 3222 58 21 58.9 3222 56 21
ibm02 | 157.7 1212 108 34 | 163.1 1212 76 34
ibm07 | 319.1 19202 90 92 | 326.8 19202 57 92
ibm08 | 339.0 22199 122 162 | 346.7 22199 81 162
avg 1 1 1 1 1.02 1 0.71 1

made adiabatic, and the bottom of the chip was made isothermal with ambient
temperature. The ambient was set to 0°C' for convenience, but the temperature can

be translated by the amount of any ambient to reflect a different temperature.

In Table 4.2, we compared the results of non-thermal partitioning-based 3D
placement with thermal aware 3D placment. The unit of the CPU time is second.
There is 12% increase in wirelength and 1% longer in CPU time. From the experi-

mental result, we can see that we only take little time to calculate temperature.

Next, we compared the results of non-thermal 3D placement with thermal aware
3D placement in Table 4.3. The unit of the CPU time is minute. There is 29%
reduction in average temperature, but there is only 2% increase in wirelength. In this
work, the run time of non-thermal 3D placement and thermal aware 3D placement
are nearly the same. The reason is that the simulated anneealing placement takes

too much time so that the time of temperature calculation is few.
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Run Time vs. Number of Cells
200

[y
w
o

Time, min
=
=
=}

1%
o

0 10000 20000 30000 40000 50000 60000

Number of Cells

Figure 4.1: Run time analysis

At last, in Figure 4.1, the run time analysis shows that when the cells size
increase it would take more time to execute. Because we use simulated annealing

as the refinement, the CPU time would increase extremely.
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Chapter 5

Conclusions and Future Works

In this thesis, we propose a 3D IC placement with thermal considerations. We
first performed a 3D IC partition with a two-layer FM partition together with a
multi-layer FM partition. We then performed a thermal-aware 3D IC placement by
partitioning-based placement and simulated annealing refinement. In partitioning-
based placement, we use net-weighting and white-space distribution to consider
heat dissipation. We obtained trade-off among temperature, wirelength, and via
costs. The experimental results show the algorithm can obtain a reduction in the

temperature with little wirelength increase.

For the future work on thermal placement, the power analysis should be more
accurate, which have heavy impact on heat dissipation. Thermal via insertion would
be a good method to solve 3D thermal problem and many works have already focus
on it. Therefore, considering thermal via during 3D IC placement would be a task

to work on.
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