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CHAPTER I

Introduction

1.1 Motivation

As predicted by Moore’s law, the number of transistors integrated into an ultra-
large scale integrated (ULSI) circuit continues to grow exponentially. The current
complementary metal-oxide-semiconductor (CMOS) process technology doubles the
transistor count about every two years, by progressively scaling MOS devices in gate
oxide thickness, channel length, doping level, etc. Meanwhile, the dimensions of the
on-chip interconnects shrink and the number of metalization levels increases. The
amount of heat dissipation in devices and interconnects causes thermal management
and chip cooling issues. A state-of-the-art microprocessor chip, designed with sub-
100-nanometer CMOS process technology, often integrates hundreds of millions of
transistors. Precisely modeling circuit power dissipation and temperature gradients
within the chip becomes necessary to ensure circuit performance and reliability be-
cause the circuit operates at the level of several gigahertz (GHz) frequency.

The enormous number of on-chip transistors switch in a pseudo-random fashion.
Traditionally, the transistor-switching-induced circuit dynamic power consumption,

denoted by Py, dominated the total power dissipation of the chip. Circuit dynamic



power consumption has often been estimated by
den - afctotalng

where a denotes the switching factor, f denotes the circuit operating frequency,
Ciotar denotes the total capacitance, and Vpp denotes the circuit operating voltage.
Nowadays, circuit leakage power becomes prominent because miniaturizing the chip
dimensions increases the gate tunneling and sub-threshold currents. Leakage power
is predicted to be a large portion of the total power consumption of the chip in
the upcoming years. Notably, circuit temperature super-linearly affects MOSFET

sub-threshold leakage current, as depicted by

a(Vgs—vt) _4Vds
Ileakage X T26 nkT (1 —e T )

where T" denotes the circuit temperature, v; denotes the transistor threshold voltage,
q denotes the electron charge, and k denotes the Boltzmann’s constant [79]. For a
low-power circuit that mainly operates in the sub-threshold region [41, 68, 16, 74],
accurately analyzing the circuit temperature can be critical in calculating the leakage
current. Today, a typical microprocessor chip dissipates more than 100 Watts peak-
power in a 350-500 mm? die. Extremely high power density and high temperature
increase the cooling cost for the chip and decrease circuit performance because the
circuit operating frequency needs to be temporarily slowed down to reduce heat
dissipation in the chip.

Circuit temperature also contributes to many types of subtle timing failures in the
circuit. According to the alpha-power law MOSFET model 57|, gate delay G geiay

relates to the MOSFET drain-source current I by

CVDD CVDD
XX

G eLa’ Cx (03
detay Lys w(Vop — vt)



where a is the MOSFET velocity-saturation factor. The threshold voltage v, and

the carrier mobility p relate to the circuit temperature by

v (T) ox v (Ty) — k(T — Tp)

p(T) o pu (To) (T/Tp) ™™

where Tj is the room temperature, s is the threshold voltage temperature coeffi-
cient, and m is the mobility temperature exponent [39]. Both the carrier mobility
and threshold voltage reduce at a higher circuit temperature. Thus the gate delay
decreases if the gate supply voltage is larger than the zero-temperature coefficient
(ZTC) point (e.g., 1.2 V) and increases if the gate supply voltage is below the ZTC
point [39].

Besides influencing the gate timing, temperature distribution inside a chip also
prominently affects the delay in propagating signals through the on-chip intercon-
nects. Using low dielectric constant (low-k) materials in interconnects has consid-
erably reduced the capacitive coupling between adjacent interconnects. However,
using low-£ materials simultaneously increases the thermal impedance from the in-
terconnect wires to the chip heat sink, thereby causing more heat to accumulate at
the interconnect wires and aggravating the interconnect self-Joule heating issue [7].
Rising interconnect temperature increases interconnect delay because interconnect
resistivity becomes larger [19]. Thermal effects on the gate and interconnect timing
make it very difficult to precisely tune the clock distribution network across the chip.
In designing microprocessor circuits, temperature gradients within the chip in lieu
of a set of worst- or best-case chip temperatures must be considered to control the
clock skews and to avoid synchronization failures at the data-storage circuit elements

17, 71, 72).



On the other hand, increasing circuit power density and elevating chip tempera-
ture reduce the mean time to fail (MTTF) of a metal wire because the transport of

metal ions significantly accelerates, as described by Black’s equation:
MTTF (T) = AJ 2e?/*T

where J is the current density in the metal wire, and ¢ and A are technology-
dependent parameters [13, 8, 18]. To meet the stringent reliability requirements
concurrently with the demand for high performance, thermal-aware or thermally
optimized chip design has now become a trend. Therefore, to analyze and optimize
full-chip temperature distribution, an integrated circuit (IC) design automation tool
should be able to handle millions of transistors and interconnects [35] and run in a

repetitive fashion with short turnaround time.

1.2 Approaches for Thermal Analysis and Optimization

1.2.1 Grid-Based Approaches

The finite-difference (FD) method has traditionally been used in IC thermal anal-
ysis and optimization. To solve the steady-state or time-dependent heat conduction
equation, the FD method discretizes the Laplacian operator with the second order
central finite-difference scheme [22, 65]. The discretization forms an RC network
that consists of a matrix of hexagonal junctions, with resistors to model the heat
conductivities, capacitors to model the thermal diffusivities, and current sources to
model the power densities. Fig.1.1 illustrates a hexagonal junction for discretizing
the heat conduction equation, where AL denotes the grid size. To simulate the ob-
tained RC network, one acceleration approach is to apply the Krylov-subspace-based
model order reduction technique [49, 27].

To solve the time-dependent heat conduction equation, the alternating direction



T(i,j,k+1)
T(i'j+1’k) aw = szT(Xaya Z) + f(x7y7 Z)
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R Y + AL2
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T(ijk-1)

Figure 1.1: Hexagonal junction for discretizing heat conduction equation

implicit (ADI) method exploits the smooth temperature variation in the temporal
domain [76]. To discretize the Laplacian operator, the ADI method adopts the three-
step Douglas-Gunn scheme, with a one-dimensional (1-D) FD scheme applied at each
step. The FD method instead uses a 3-D FD scheme. The ADI method produces a
tridiagonal system that can be solved by the Thomas algorithm in linear time [64].
Compared to the FD method, at every time step, the ADI method actually solves the
same thermal network in three stages by the implicit backward-Euler FD scheme. At
each solution stage, the voltage gradients along two of the coordinates are computed
explicitly from the node voltages at the previous solution stages, while the voltage
gradients along the remaining coordinate become unknowns to be solved from the
system of equations.

The finite-element (FE) method has also been used in IC thermal analysis and op-
timization. The FE method uses a set of shaping functions, called basis functions, to
interpolate the interior temperatures from the temperatures at the neighboring nodes
[32]. Then the method represents the Laplacian of the interior temperatures by the
Laplacian of the shaping functions. Finally, the method solves the node temperatures
from the resultant system of equations. The aforementioned FD and FE methods are

grid-based methods, which are advantageous in modeling detailed chip geometries



such as inter-layer vias, bonding wires, buses, etc. However, grid-based methods need
to dispense significant amounts of nodes to large-volume structures such as the bulk,
substrate, and heat sink for the given chip [22, 65, 27, 76, 32|. The large problem
size causes grid-based methods to have long run-time and limits their applications in
ULSI physical design flow, especially when thermal simulation needs to be conducted
for a large number of iterations [21]. Grid-based methods also have numerical sta-
bility issues [76]. When the grid-based methods are integrated with other numerical
algorithms, numerical stability analysis becomes complicated because it is insuffi-
cient to analyze the stability of each numerical algorithm separately, as individually
stable components may not ensure the entire system is constructed stably. In this
case, the classical Von Neumann Analysis may be somewhat inadequate, and stricter
stability criteria such as the passivity of the applied numerical algorithms may be

used |11, 66, 70].

1.2.2 Green’s Function-Based Approaches

Spectral methods based on the Fourier transform technique have been used in
IC thermal analysis and optimization [43, 5, 29]. The spectral methods assume
that the heat sources considered are in a 2-D rectangular region, so the power-
density spectrum can be computed by the fast Fourier transform (FFT). To apply
the spectral methods, heat sources must be on the top surface of the chip, and heat
transfer is forbidden there. A chip with the wire-bonding packaging normally satisfies
these requirements; however, a chip with the popular flip-chip packaging does not,
because heat dissipates via both the bottom and top sides of the chip: the side
with the cooling devices (heat sink, fan, etc.) and the side with the solder balls. The
spectral methods are suitable for computing the temperature distribution incurred by

a planar heat source distribution; however, they cannot calculate the temperature



distribution incurred by heat sources of arbitrary shapes. Thermal analysis and
optimization methods based on the multilayer heat conduction Green’s function, and
more flexible than the spectral methods, are introduced in this dissertation. The heat
conduction Green’s function gives the temperature distribution incurred by a Dirac
delta heat source. Therefore, it can be used to solve the temperature distribution due
to arbitrarily shaped heat sources by spatially convoluting with the power density
distribution of the heat sources. The heat conduction Green’s function can also be
used to compute the thermal transfer impedance between any two locations in the
chip.

Compared to the grid-based methods, the thermal analysis and optimization
methods based on the heat conduction Green’s function, named the Green’s function-
based methods, are advantageous at the earlier stages of ULSI physical design flow,
such as floorplanning and cell placement [21, 67, 78]. The Green’s function-based
methods do not discretize the chip regions of no heat sources and of no monitored
temperatures. Therefore, the Green’s function-based methods improve the thermal
simulation speed by a few orders of magnitude by not modeling otherwise costly chip
regions such as the bulk. Based on a single-layer thermal (SLT) model, the heat con-
duction Green’s function under various boundary conditions has been investigated
and applied in the thermal analysis and optimization of ULSI chips [38, 21, 78|.
However, considering only one type of heat conduction material in the simulated
environment, the SL'T model, is overly simplistic and inaccurate because the heat
conduction path in a realistic chip involves multilayer heterogeneous heat conduction
materials. Particularly, the SLT model is inadequate to analyze the cutting-edge 3-D
ICs that vertically integrate multiple active layers [9].

The heat conduction Green’s function is derived from the Poisson’s equation that



is widely studied in the context of extracting parasitic elements within an IC. How-
ever, the heat conduction Green’s function differs from the Green’s function for par-
asitic extraction in several aspects. In parasitic extraction, charge sources are pre-
sumed to be on the surfaces of the conducting geometries; therefore, a charge-sheet
model is frequently used in parasitic extraction, such as in the FE and boundary-
element (BE) methods [47, 24, 51]. In thermal analysis, heat sources instead span the
3-D volume space of the chip. Furthermore, the horizontal dimensions of the chip are
usually approximated as infinite in parasitic extraction. By the approximations, ei-
ther the free-space Green’s function is directly used or the radial symmetric property
is exploited to simplify the free-space Green’s function with the Hankel transform
[47, 80]. To analyze the temperature distribution of the chip, the real horizontal
dimensions of the chip must be taken into consideration. Therefore, boundary con-
ditions must be properly imposed on the four sidewalls of the chip to model heat
insulation or heat transfer between the sidewalls and the ambient environment [78].
For the purpose of substrate coupling analysis, the Green’s function for the Pois-
son’s equation has been derived for heterogeneous dielectric materials; however, zero
potential and zero potential gradient are assumed for the top and bottom surfaces
of the chip. Furthermore, numerical stability problem may occur in calculating the
Green’s function [48, 77]. In thermal analysis, general heat-convection boundary

conditions must be imposed on the top and bottom surfaces of the chip.
1.3 Thesis Organization
This dissertation includes mainly three chapters. Chapter IT is concentrated on the

derivation of fully analytical temperature solutions to the steady-state heat conduc-

tion equation, particularly the derivation of the multilayer heat conduction Green’s



function. Chapter III is focused on the computation of the temperature solutions by
O (nlgn) algorithms and mainly introduces the fast thermal analysis method called
LOTAGre. Chapter V is focused on the optimization of the chip temperature distri-
bution in the cell placement stage and introduces the optimal power budget model
to augment the Capo placement tool with thermal optimization capability. In addi-
tion to the three major chapters, this dissertation briefly introduces the modeling of

interconnect temperature distribution in chapter IV.

1.3.1 Derivation of Homogeneous and Inhomogeneous Temperature Solutions

Chapter II derives fully analytical temperature solutions to the steady-state heat
conduction equation. In the derivation, the temperature distribution of the chip
is separated into two parts: the homogeneous temperature distribution attributed
to the ambient temperatures only, and the inhomogeneous temperature distribution
attributed to the heat sources inside the chip only. To solve the inhomogeneous
temperature distribution, the chapter applies the multilayer heat conduction Green’s
function. Various boundary conditions are considered based on a general multilayer
chip structure that consists of heterogeneous heat conduction materials. The chapter
also derives a fully analytical solution to the homogeneous temperature distribution,
which was traditionally neglected because the chip was assumed to be surrounded
by a uniform ambient temperature [21, 78]. The assumption is inaccurate because
temperature gradients at different boundaries of the chip are dissimilar and heat
flow from different surfaces of the chip to the outer environment is unbalanced.
In addition, the chapter introduces the s-domain Green’s function for the time-
dependent heat conduction equation. By the s-domain heat conduction Green’s
function, the thermal transfer impedance between any two interested regions of the

chip can be computed so that compact thermal models can be established for the
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chip.

1.3.2 Computation of Homogeneous and Inhomogeneous Solutions

Chapter III presents fast algorithms for computing the homogeneous and inho-
mogeneous temperature solutions. This chapter introduces an O (nlgn) chip-level
thermal analysis method based on the multilayer heat conduction Green’s function,
which is named LOTAGre. Here, n indicates that there are n heat source blocks
and that the temperatures of n blocks need to be evaluated. Traditional Green’s
function-based methods compute the temperature distribution of the chip by the
following process: first, the methods model heat sources as discrete blocks; next,
the methods compute the temperatures of the observed regions by the sum of the
products of the heat source power densities and the Green’s function values [21, 78].
The computing process can be abstracted as a matrix-vector product operation on
an n X n matrix and an n-dimensional vector. Therefore, the traditional Green’s
function-based methods need O (n?) computations to obtain the required temper-
atures. Such quadratic increase of the computational time becomes intolerable,
especially when the methods are to be used in an inner loop for many iterations.
Several techniques have been proposed to reduce the time complexity of the Green’s
function-based methods for parasitic exaction. In [47|, FastCap used a multipole
accelerated technique to compute the dense matrix-vector product in O (n) time.
In [51], an O (nlgn) precorrected-FFT technique was proposed, which was instead
faster in many cases than the O (n) multipole accelerated technique. To speed up
the dense matrix-vector production operation, both the techniques exploit the multi-
pole expansion of the free-space Green’s function based on the spherical harmonics.
In comparison, LOTAGre introduced in the chapter is an O (nlgn) method and

meantime uses the multilayer heat conduction Green’s function. Because of the ap-



11

plication of the eigen-expansion technique and the use of orthogonal trigonometric
functions, LOTAGre employs the discrete cosine transform (DCT) and the inverse
discrete cosine transform (IDCT) to accelerate thermal simulation for ULSI chips.
The final portion of the chapter presents experimental results to demonstrate the

accuracy, speed, and scalability of LOTAGre.

1.3.3 Thermal Optimization in Cell Placement

Chapter V is focused on the optimization of the temperature distribution of the
chip in the cell placement stage. In the ULSI chip physical design flow, the cell
placement stage determines the module locations and significantly impacts the tem-
perature distribution of the chip. The cell placement stage was traditionally intended
to minimize the total interconnect length. However, the temperature distribution of
the chip recently became very important, and in the literature, several thermal op-
timization methods were proposed for cell placement. Thermal simulation is an
obstacle to thermal optimization at the cell placement stage. To optimize the tem-
perature distribution of a chip, a large number of thermal simulations must be run
across the entire parameter space. With LOTAGre to accelerate thermal simulation,
thermal optimization becomes much faster at the cell placement stage. Importantly,
this chapter introduces an optimal power budget model with the use of LOTAGre.
Stipulated by several design constraints, the optimal power budget model determines
the optimal allocation of heat sources to different regions of the chip to reduce the
number of hot-spots inside the chip. The chapter describes the procedure to integrate
the optimal power budget model into the Capo placement tool to perform thermal
optimization.

In addition to the aforementioned three major chapters, chapter IV briefly ad-

dresses the interconnect thermal issue. Interconnect temperature impacts an inter-
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connect wire primarily in two aspects. One is interconnect timing, as the variation of
the interconnect temperature causes the variation of the interconnect resistivity and
concurrently the variation of delay in propagating signals through the interconnect
wire. The other is interconnect electromigration, as the MTTF of an interconnect
wire decreases exponentially with the increase of its temperature [13|. Therefore, it
is necessary to accurately determine the temperature distribution of an interconnect
wire. This chapter presents an interconnect temperature distribution model and an
efficient O (n) approach to calculate the temperature distribution of an interconnect
wire.

Finally, chapter VI provides the concluding remarks and summarizes the major
results and contributions of this dissertation. Possible future research directions to

address the chip-level thermal issues are also suggested in the chapter.



CHAPTER II

Derivation of Homogeneous and Inhomogeneous Temperature
Solutions

2.1 Steady-State Heat Conduction Problem

2.1.1 Steady-State Heat Conduction Equation

Inside a chip, temperature and power density are two interrelated physical quan-
tities. The intensify of the power densities of the devices raises their temperatures,
and rising temperatures also strengthen the power densities of the devices because
of the increase of sub-threshold currents. In IC thermal analysis, there are two main
methodologies for addressing the coupling between temperature and power density.
One method solves the time-dependent heat conduction equation at discrete-time
steps: at each time step, the method imposes the known power densities and solves
the time-dependent heat conduction equation for the temperatures within the chip;
then this method uses the obtained temperatures to estimate the power densities
at the next time step by either transient circuit simulation or from circuit power
models [27, 76]. The other method decomposes IC thermal analysis into two steps.
First, this method applies circuit power models to estimate the power densities of the
devices based on their initial temperatures. Next, it imposes the estimated power
densities and solves the steady-state heat conduction equation to update the tem-

peratures of the devices. It then repeats the previous two steps until convergence

13



14

Example A: Thermal =
p_ 12(xy) " attach ;IaT(XT.%])
[ Chp _}.. %0
i] Heatsink | rA) -
:ra (X’y) Z_ql Kq ‘ (X,y,Z
Example B: ¢ Bump Z_pl kp (X%,y',zy). 7
T2 (x,y) S 3
A Heatsink | ) = y
pee SRV - O T
T 6) T ()
® (b)

Figure 2.1: . . . .
Nlustration of multilayer thermal model: (a) two chip examples and (b) multilayer

thermal model.

|22, 21]. Because the power densities of the devices highly depend on the transistor
switching patterns, the latter method is much more efficient in ULSI chip design [21].
Hence, this dissertation work is based primarily on the steady-state heat conduction
equation.

In thermal analysis, a chip can be abstracted as a multilayer thermal (MLT)
model, as shown in Fig.2.1(b). On the left, Fig.2.1(a) shows two chip examples:
example A, which has wire-bonding packaging, and example B, which has flip-chip
packaging [26, 50]. The MLT model is capable of modeling chips with either pack-
aging. Traditional Green’s function-based methods used only the SLT model, i.e.,
an MLT model with only one layer. Geometrically, the SLT model includes only the
active region of the chip and needs to approximate the other regions of the chip as
well as the packaging materials by the heat transfer rates on the top and bottom
surfaces of the chip [22|. In contrast, the MLT model can include the geometry of
the entire chip as well as the packaging. Hence, this dissertation uses the MLT model
shown in Fig.2.1(b).

The temperature distribution of a chip can be solved from the 3-D steady-state
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heat conduction equation, which in the Cartesian coordinate system is given by

where T denotes temperature (in kelvin or K); the small letter k£ denotes material
thermal conductivity (in W/m K); and f denotes power density (in W/m?). Given
a multilayer chip, the thermal conductivity k£ is modeled by a piecewise constant
function, with k in each layer being a constant value. As shown in Fig.2.1(b), k is
only z-axis dependent, with k (2) = k,, for z,,_1 < 2 < z,, and 1 < m < n.
Traditional Green’s function-based methods specified the top ambient tempera-
ture T (z,y) and the bottom ambient temperature T% (z,y) to take the same con-
stant value. In reality, 7% and 7% may differ considerably and have large spatial
variations in the z — y plane, because of the temperature gradients inside the chip
and the imbalance of heat flow from the different surfaces of the chip to the outer
environment. To be accurate, in this dissertation 7% and 7™ is represented as 2-D
functions. Furthermore, the ambient environment surrounding the four sidewalls of
the chip is assumed to have the same temperature. This sidewall ambient tempera-
ture is chosen as the reference, i.e., T in (2.1), T and T® are temperature differences

from the sidewall ambient temperature.

2.1.2 Heat Conduction Boundary Conditions

Three sets of boundary conditions (BCs) are specified for the heat conduction
equation (2.1): BCs for the four sidewalls of the chip, named sidewall BCs; BCs for
the horizontal inner interfaces between adjacent layers, named inter-layer BCs; and
BCs for the top and bottom surfaces of the chip, named top-bottom BCs. Details

are given below.
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Sidewall BCs

If the four sidewalls of the chip, i.e., x = 0, X and y = 0,Y, are insulated from

the ambient environment, the Neumann’s sidewall BCs are specified:

T (z,y, z) 0
(9x z=0,X a
(2.2) or (2,y,2) —0.
dy y=0,Y

If the four sidewalls of the chip remain at a specific sidewall ambient temperature,

the Dirichlet’s sidewall BCs are specified:

T(m,y,z)|x:0?X =0

(23) T(2,9,2)l, 0y =0

where both the right-hand sides are zero because the sidewall ambient temperature
is chosen as the reference.

Here capital letters X and Y denote the dimensions of the chip along the x and
y axes, respectively. The chip vertical dimension is specified by the interval [z, z,].
First, the Neumann’s sidewall BCs (2.2) are imposed to solve the steady-state heat

conduction equation.

Inter-layer BCs
At any horizontal inner interface z,,, for 0 < m < n, inter-layer BCs are specified

to ensure the continuity of temperature, described by (2.4a), and the continuity of

per unit-area heat flux through the interface, described by (2.4b):

(24&) T(ﬂﬁ,y, Zm-i—) = T(w,y,zm_)
IT (x,y, 2) 0T (2,y,2)
(2.4b) km—HT - ka

Z=Zm+ 2=Zm—
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Top-bottom BCs

On the top and bottom surfaces of the chip, the phenomenon of heat transfer with

the ambient environment is described by the heat convection BCs:

T
(2.50) W TELE ey, 20) = —bT (2.0)
(25b) _kn% - BT (l‘a Y, zn) - _BTa (l‘a y)

Here, b (or h) is the heat transfer rate between the bottom (or top) surface zy (or
2,) of the chip and the ambient environment, with units W/(m? K).

Given a power density distribution f (z,y, z), the temperature distribution of the
chip, T (z,y, z), can be solved from (2.1), under the three sets of heat conduction
BCs. Grid-based methods often discretize the Laplacian operator by the second-order
central FD scheme to form a resistive network [65]. Even if sophisticated linear solvers
are used to solve the resultant system of equations, the large problem size makes the
solution process very expensive. Allocating large amounts of grids to those regions
that are of little interest renders the grid-based methods inefficient in performing
chip-level thermal analysis. In contrast, Green’s function-based methods avoid such
costly modeling and improve thermal simulation time by orders of magnitude |21, 67,
78]. This dissertation introduces a multilayer heat conduction Green’s function-based

fast thermal analysis method named LOTAGre [73, 75].

2.2 Homogeneous and Inhomogeneous Temperature Solutions

Because the top-bottom BCs in (2.5) are inhomogeneous, the temperature distri-
bution of the chip is separated into two parts: one is a homogeneous solution, de-
noted by 7", which satisfies the Laplace’s equation and inhomogeneous top-bottom

BCs; and the other is an inhomogeneous solution, denoted by 7%, which satisfies the



18

Poisson’s equation and homogeneous top-bottom BCs. Therefore, at a given chip
location (z,y, z), the temperature is represented by the superposition of the homo-

geneous temperature 1" (z,y, ) and the inhomogeneous temperature 7% (z,y, 2):

T (z,y,2) = " (x,y,2)+ T! (x,y,2).

2.2.1 Homogeneous Temperature Solution

The homogeneous solution 7" satisfies the homogeneous heat conduction equa-
tion, which is obtained by setting the right-hand side of (2.1) to zero. Meanwhile, 7"
satisfies the three sets of heat conduction BCs given in Section 2.1.2. In summary,

the complete equations that govern T" are described by

(2.6a) V. [k(2) VT (z,y,2)] =0
h
(2.6b) /ﬁai — BT = —hT" (z,y)
0z o
aTh 1.7h 1,7a
(2.6¢) _knW — hT - = —hT"(z,y)
(26d) Th‘z:z + - ThlZ:z —
orh oTh
(2.66) kaW o mE e
h h

(2.6f) i e )

(9x z=0,X ay y=0,Y

2.2.2 Inhomogeneous Temperature Solution

The inhomogeneous solution 7" satisfies the heat conduction equation (2.1) and
all three sets of heat conduction BCs, except that the top-bottom BCs (2.5) are
replaced by homogeneous top-bottom BCs. In other words, the right-hand sides of

(2.5) are set to zero. The complete equations that govern 7%, except the sidewall and
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inter-layer BCs, are given by

(2.7a) V- [k () VT (z,y,2)] = —f (z,y,2)
(2.7b) R EYA |y =0

0z o
(2.7¢) —knw — hT" (z,y, z,) = 0.

The inhomogeneous solution 7" can be obtained by using the Green’s function of
(2.7), i.e., the heat conduction Green’s function, denoted by G(z,y, z|z’, vy, z’) here.
G corresponds to the temperature distribution of the chip when the power density
distribution f (x,y,z) is a Dirac delta function é(x — 2’,y — ¢/, z — 2'), i.e., a unit-
strength heat source at the location (z',y’, z") of the chip. The complete equations

that govern GG, except the sidewall BCs, are given by

(2.8a) V1k(z)VG (z,y, 22"y, ") = =0 (x — 2",y — ¢/, 2 — )
(2.8b) Gl.—.,, = Gl—.,,_

(2.8¢) km+1aa—G o = km?)_f L

(2.8d) klg—cj — hG . =0

(2.8e) —kn%—f — hG . = 0.

Then the inhomogeneous solution 7" (x,v, z) can be represented by the spatial

convolution of the power density distribution f with G-

(2.9) T (2, 2) = / G (2,y, 2\, ) f (@, ) da'dy'd=
\

where V denotes the entire volume space of the simulated chip.
Assuming the homogeneous solution 7" being zero, traditional Green’s function-

based methods mainly considered the inhomogeneous solution 7% [21, 78]. In this
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dissertation, the homogeneous solution T" is considered and general 2-D functions
are used to model the ambient temperatures at the top and bottom surfaces of the
simulated chip. Since the homogeneous solution 7" and the inhomogeneous solution
T* are independent and the former does not depend on the power density distribution
f, T" should be computed only once for a given ambient condition.

The Green’s function for the Poisson’s equation has been discussed in the liter-
ature. In [28|, the Green’s function for the 2-D Poisson’s equation was considered
under various types of BCs and geometrical configurations. In [80], the Green’s func-
tion for the 3-D Poisson’s equation was derived for parasitic extraction, under the
assumption that the chip horizontal dimensions were infinite. For substrate mod-
eling, in [48| the Green’s function was derived with the Neumann’s sidewall BCs
imposed and with the potential or potential gradient at the top and bottom surfaces
of the chip set to zero; and in |77] the numerical stability issue was further discussed.
In thermal analysis, however, general heat convection BCs need to be imposed on the
top and bottom surfaces of the chip. Considering one homogeneous heat conduction
material, [21] derived the Green’s function by assuming a heat insulation BC on the
chip top surface, and [78| derived the Green’s function under the Neumann’s sidewall
BCs. To consider heterogeneous materials, the MLT model and the multilayer heat
conduction Green’s function should be used.

In the following, fully analytical formulas are derived for the homogeneous solution
T", the inhomogeneous solution 7%, and the multilayer heat conduction Green’s

function, including the s-domain version.
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2.3 Derivation of Homogeneous Temperature Solution

To obtain the homogeneous solution 7" from (2.6), the eigen-expansion technique
is used |14]. Consider the Neumann’s sidewall BCs (2.6f), which approximate that
there is no heat transfer between the simulated chip and the surrounding environment
via the four sidewalls of the chip because the thickness of the chip is much smaller
than the horizontal dimensions of the chip. Consequently, orthogonal cosine functions
are chosen as eigenfunctions.

The domain of the homogeneous solution T" (z,y, z) was initially limited to the
entire chip volume space V. To obtain an eigen-expansion of 7" (x, v, z), the domain
of T" (x,y, 2) is expanded from space V to the entire 3-D space, and T" (x,v, 2) is
expanded to a periodic even function of x of period 2X as well as a periodic even
function of y of period 2Y. Similarly, this even periodic expansion is applied to the
top and bottom ambient temperature functions 7% (z,y) and T° (x,y). The three

eigen-expansions are given by

(2.10a) (x,y, 2 ZZ¢ZJ x,y)ts (2)

=0 7=0

(2.10D) T (z,y) =YY i (z,)
1=0 j*()

(2100) ZZ¢Z] T y —Z]
=0 j=0

Here tf], t“ and £; are eigen-expansion coefficients, and ¢;; (x,y) is the eigen-
function: ¢;; (z,y) = cos (2) cos (4£2). Eigen-expansions in (2.10a) ensure that 7"
satisfies the Neumann’s sidewall BCs (2.6f).

Insert (2.10) into (2.6) and eliminate the ¢;; (z,y) terms in those equations. The
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Figure 2.2:
& Equivalent circuit for deriving eigen-expansion coefficient t%: (a) MLT model for 3-D

governing equation (2.6), with top and bottom ambient temperature functions imposed
and power density distribution set to zero; and (b) an equivalent circuit that describes
1-D governing equation (2.11).

complete equations that govern the eigen-expansion coefficient t?j are obtained:

d*t}; (2)
(2.11a) — Vot (2) =0
(2.11b) 1 (zme) = 35 (Zm-)
dth. (2) dth. (2)
iJ Y]
(2.11c) B = hn—
Z=Zm+ 2=Zm—
dth (2) N .
2=z
it (2) .
(2.11e) —k, CJZZ — ht}; (zn) = —hi},;

s Accordingly, the homogeneous solution 7" can be com-

where v;; = < vz

puted in the following way: given the 2-D top and bottom ambient temperature
functions 7 (x,y) and T" (z,y), first calculate their eigen-expansion coefficients f?j
and #; based on formulas (2.10b) and (2.10c); then solve the eigen-expansion coeffi-
cient ¢} (z) from (2.11). Finally, calculate T" (x,y, z) based on (2.10a).

The eigen-expansion coefficient t;‘j is derived in the following.
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2.3.1 Eigen-expansion Coefficient t?j (i=j=0)

When i = j = 0, 7;; becomes 0, then the governing equations in (2.11) can
be shown to be equivalent to the circuit equations for an n-section non-uniform
line conductor of per unit-length (PUL) conductance k (z). Each section of the
line conductor corresponds to one layer in the MLT model in Fig.2.2(a) and has a
length that equals the thickness of that layer. The two ends of the line conductor
are terminated by two resistors of resistances R = 1/h and R = 1/h, and the two
resistors are driven by two voltage sources of magnitudes V, = f% and V, = t.
The equivalent line conductor circuit is shown in Fig.2.2(b). According to the shown
equivalent circuit, the eigen-expansion coefficient t?j (z) corresponds to the voltage
at the location z on the line (assume that location z is in the g-th section of the
line conductor); (2.11a) corresponds to the Kirchhoff’s current law at that location;
(2.11b) and (2.11c) are equivalent to the current and voltage continuity conditions
at the interface between the m-th and the (m + 1)-th line sections. The last two
equations in (2.11) correspond to the circuit equations that govern the two ends of
the line conductor.

Therefore, by solving the voltage at the location z, the eigen-expansion coefficient

th (2) is obtained:

(2.12) th (2) = 19 HE (2) + 12 HE, (2)
where

. A0 = S
(2.13b) B (2) = Zy+ Zy (2 — 2)

Z,+ Zglg + Z,
The symbols used previously are explained hereafter. In this dissertation, when

a non-uniform line (either a line conductor or a transmission line) is used in an
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equivalent circuit, for the m-th line section, Z,, denotes the input impedance seen
from the bottom boundary of that section toward the bottom side of the equivalent
circuit; Z,, denotes the input impedance seen from the top boundary of that section
toward the top side of the circuit; Z,, denotes the characteristic impedance of that
section, with Z,,, = 1/k,,; and [, is the length of that section. There are two special
cases: Z; denotes the input impedance seen from location z = z, to the top side
of the circuit, and Z,,; denotes the input impedance seen from location z = z, to
the bottom side of the circuit. For the equivalent line conductor circuit shown in

Fig.2.2(b), Zy= R+ 30 _ .1 Zmand Z,= R+ 307 Z,.
2.3.2 Eigen-expansion Coefficient t?j (i+7>0)

When ¢ + 7 > 0, a similar circuit equivalence that will facilitate solving tfj from

(2.11) can be established by comparing (2.11a) to the transmission line equations

av
diz) = —(R+sL)1(z)
dl
d(j> = —(G+50)V(2)
or in an alternative form di};gz) —7?V (z) = 0. The governing equations of t/; in

(2.11) can be shown to be equivalent to the circuit equations for an n-section non-

uniform transmission line (TL) of propagation constant v = /(R + sL) (G + sC)

R+sL
G+sC'*

and characteristic impedance Z = In the equivalent TL circuit, each line
section corresponds to one layer in the MLT model and has a length that equals
the thickness of that layer. The PUL parameters of the m-th TL section, R, L, C,
and G satisfy VRG = Yijs VRIG = Zy, = 1/ky,, and L = C' = 0. The two ends
of the TL are terminated by two resistors of resistances R = v/h and R = /b,

which are driven by the same voltage sources as those in the line conductor circuit.

Consequently, the same circuit diagram as that for the line conductor circuit is used
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to illustrate the equivalent TL circuit, as shown by Fig.2.2(b) again. Note that the

two terminating resistors choose the resistance values enclosed in the parentheses.
According to Fig.2.2(b), the eigen-expansion coefficient ¢/’ (z) corresponds to the

voltage at the location z in the g-th TL section. Therefore, by solving the voltage at

that location, t/; (2) is obtained:

(2.14) t?j (2) = f%ﬁfj (2) + t& H: (2)

5y

where

e ( ) Zn—H Zq cosh ’7_lq + Zq sinh /y—lq

(2 = = — -

£ (Zys1 + R) Z,coshyyly + Z,sinhl,
' (2) = Zy  Zycoshnl, + Z,sinhAl,

H;;

~ &(B+ Zy) Zgcoshyly + Zycoshyl,

Here I, = 2, — 2, [, = 2 — 2,1, and

_ n 7

&= H <cosh Y + ﬁ sinh ylm>
m=q+1
i o .

§= coshyl,, + 7 sinh~l,, | .

m=1
Those input impedances Z’s and Z’s have recurrence formulas: for one TL section
in a non-uniform TL, the input impedance at its one boundary, denoted by Z;,, has

a recurrence formula:

ZL+ ZC tanh~yL
ZC + ZLtanh~yL

(2.16) Zip = ZC

where ZL is the load impedance at the other boundary, ZC' is the characteristic
impedance of this TL section, and L is the length of the section.
In the previous procedure, the homogeneous solution 7" has been derived un-

der the Neumann’s sidewall BCs (2.2). When the Dirichlet’s sidewall BCs (2.3)
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are imposed, the same procedure as the previous can be followed to derive the cor-
responding homogeneous solution after the eigenfunction is changed to ¢;;(z,y) =

sin (%) sin (]%)

2.4 Derivation of Inhomogeneous Temperature Solution

To obtain the inhomogeneous solution 7%, the heat conduction Green’s function
G should be solved from its governing equations (2.8) under the BCs imposed. In
the following, GG is derived by using the same procedure as that which derives the
homogeneous solution 7", i.e., employing the eigen-expansion technique and the
transmission line theory. First, impose the Neumann’s sidewall BCs (2.2); therefore,

G satisfies the following sidewall BCs:

(2.17a) IG (x,y, 2|2,y 2') .
6$ z=0,X

(2.17h) 0G (z,y, 2.y, 7)) .
ay y=0,Y

Similarly, the even periodic expansion is applied to the heat conduction Green’s
function. The following eigen-expansion of G results:
(2.18) G (z,y, 2|2y, 2) = f: f: bij (z,y) Gij (22", Y, 2")
i=0 j=0
where the eigenfunction remains being ¢;; (z,y) = cos (%) coS (”Ty) The above
eigen-expansion ensures that G satisfies the Neumann’s sidewall BCs in (2.17).
Insert (2.18) into (2.8), multiply the two sides of (2.8a) by ¢;; (z,y), and integrate

over the z and y dimensions of the chip. Then (2.19a) results, due to the orthogo-

nality of eigenfunctions [14]. Simplifying the remaining equations in (2.8) leads to
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Figure 2.3: . L . . . .
Equivalent circuit for deriving eigen-expansion coefficient G;;: (a) MLT model for 3-D

governing equation (2.8), with Dirac delta heat source imposed at location (z',y’,2)
and ambient temperatures set to zero; and (b) an equivalent circuit that describes 1-
D governing equation (2.19), (small letter z denotes a location, while capital letter Z
denotes TL characteristic impedance).

the complete equations that govern the eigen-expansion coefficient G;:

&Gy (22" 9, %) i (@,y) 0 (2 — )

(2.19a) 12 — 73 Gij (2|2, Y, ) = k()
(2.19b) Gij (zmi|2' Y, ") = Gij (zm— |2, ', 2)
dGi; (22", y', 2') L dGy (2|2, )

(2.190) ka1 P . =k, o L

dGz‘ ) I7
(219d) kl J (Zliz y.z ) - th] (20|ZL'/7 y/, Z/) =0

z=20

dG.: 'y 2 B

(2.19¢) —k,—~2 (ZC’;Z y.7) — hGij (zal2’, Y, 2") = 0.

Here 7;; remains being v;; = 4/ ”;—”22 + j;—f, and ¢;; = 22*5i0*5j0/XY, where ;0 and
djo are Kronecker deltas. Once the eigen-expansion coefficient G;; is solved from
(2.19), G can be obtained from (2.18). Since G;;’s governing equations (2.19) have
some similarities to (2.11), the transmission line theory is employed again to derive

Gij.
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2.4.1 Eigen-expansion Coefficient G;; (i = j =0)

Let ¢ = j = 0, and +;; becomes 0. Then the governing equations (2.19) can be
shown to be equivalent to the circuit equations for an n-section non-uniform line
conductor of PUL conductance k(z). The two ends of the line are terminated by two
resistors of resistances R = 1/h and R = 1/h. Fig.2.3(b) shows this line conductor.
In comparison, this line conductor differs in two aspects from the equivalent circuit in
Fig.2.2(b) for deriving T": there is a current source input I of intensity coodoo(2’, y')
at the source location 2’ in the p-th section of this line conductor, and there are no
voltage sources at the two ends of this line conductor.

According to Fig.2.3(b) and (2.19), the eigen-expansion coefficient Gy (z|2', v/, 2')
corresponds to the voltage at the target location z in the ¢-th section of this line

conductor. Therefore, by solving the voltage at that location, Gy is obtained:
(2.20) Goo(zl2', 9/, 2") = coodoo(2’, ') Hoo(2|2")

where Hy is the transfer impedance from the source location z’ to the target location

z, given by

Z,+ Z, (2 — z,_ 7 + 7 (2, —
(2.21) Hoo(2|2) = 2+ Zp(z — 2] | 0+ Zy(2 Z)}‘
Zy+ Zyly + Z,

Here the same symbols are used as in the previous equations.

2.4.2 Eigen-expansion Coefficient G;; (i+j > 0)

When ¢ + j > 0, an equivalent TL circuit can be constructed to derive Gj;.

Compare (2.19a) to the transmission line equations:

dv (z)
dz
dl (2)
dz

— —(R+sL)I (2)

= —(G +sO)V (2) + 1,6(z — 2)
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or in the form of

d*V (2)

2.22
(2.22) T

— YV (2) = —vZ1,6(z — 2).

It is evident that G; (z|2',y/,2") corresponds to the voltage at the location z in
an n-section non-uniform TL of propagation constant v = ~;; and characteristic
impedance Z = 1/k(z) when a current source input of intensity I, = %@j(x’,y’)
is imposed at the location z’. The PUL parameters of the m-th line section satisfy
VRG = Yijs VR/G = Zp = 1/ky, L =0, and C' = 0. The equivalent TL circuit
is shown by Fig.2.3(b) again. Note that the two terminating resistors choose the
resistance values enclosed in the parentheses, i.e., R = v/h and R = v/h.

Since G; (2|2',y', 2') corresponds to the voltage at the location z of the TL under
a current source input I, G, (2|2',y/, 2") is derived with the help of the transfer
impedance between the source location z’ in the p-th line section and the target

location z in the g-th line section. The obtained G;;, for ¢ +j > 0, is given by
(2.23) Gij(zl7"y, 2') = ey (2, ') Hiy (2]2)

where H;; is the normalized transfer impedance from the location 2’ to the location

i2m2
X2

z by the propagation constant v, with v = v;; = + ]}2,—“22 The normalized

transfer impedance H;; is given by

¢ (4, cosh~l+ Z,sinhvl) (Z, coshyl + Z, sinh y1)

2.24 Hij(z]2") = z 7
( ) i(2]2") Zy(Z, + Zy) coshly, + (22 + Z,Z,) sinh A,

where [ = 2 — 2z, 4, [ = 2g — 2, and § is given by

_ Zp Hz;zlp Zm
vI12 (Zy, cosh Yy, + Z,, sinhyl,y,)”

m=p+1

(2.25) ¢

To demonstrate the multilayer heat conduction Green’s function derived here, the

multilayer structure considered by Albers is taken as an example [5].
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2.4.3 Surface Temperature Solution for Multilayer Structure

In [5], Albers gave a recursion relation for the steady-state surface temperature of
a multilayer structure and showed that the recursion analytically agreed with Kokkas’
solution for up to 3 layers [43|. Based on the previous multilayer Green’s function,
this section gives a surface temperature solution that agrees with Albers’ recursion
relation for an arbitrary number of layers. The procedure is described below.

The multilayer structure used by Albers becomes a special case of the MLT model
in Fig.2.1(b) after let h = 0, h = oo, T°(z,y) = T%(z,y) = 0, and f (z,y,2) =
Pou(z,y) 0 (2 — z,) . Therefore, according to (2.9), (2.18), (2.20), and (2.23), the

surface temperature is represented by

(2.26) T (x,y, 2n) POZZ% (i, §) bij (@, y) Hij (2] 20)

=0 7=0

where U (i, j) fo fo (@', y) ¢y (2!, y)) da'dy.

Insert Z, = oo into (2.21). Hyg (2n|2,) is obtained:

n

Im
(2.27) Hoo (2nl20) = Zy + Zulu = > =

m=1 "
Insert [ = [, and Z, = oo into (2.24) and apply (2.16). H,; (2,|2,), for i +j > 0, is
obtained:

1 1 Z, + Z, tanhvl,
(2.28) i (nl2n) ~y ntl = "z, + Z, tanh i,

Note that since h = oo, Z, = Z; tanhl;. Clearly, after a simple transformation
T = Zms1km, (2.26), (2.27) and (2.28), obtained by employing the multilayer heat
conduction Green’s function derived here, are the same as the analytical formulas
derived by Albers [5|. For the numerical computation of the surface temperature,
Kokkas presented extensive numerical results in [43| and discussed the convergence

issue of the series expansion (2.26).
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By integrating the eigen-expansion technique and the transmission line theory, this
section derives the multilayer heat conduction Green’s function, with the Neumann’s
sidewall BCs (2.2) imposed. With the multilayer heat conduction Green’s function,
the steady-state temperature distribution for a given arbitrary power density distri-
bution can be computed. For example, this section derives a surface temperature
solution that agrees with Albers’ recursion relation for a multilayer structure. The
same methodology can still be followed to derive the multilayer heat conduction
Green’s function under the other types of sidewall BCs. For example, consider using
the Dirichlet’s sidewall BCs (2.3), i.e., assume that the sidewall temperatures remain
a constant value. After the eigenfunction is changed to ¢;;(,y) = sin () sin (Z£),
the same form of equations as those in (2.19) result for G;;. Therefore, the heat
conduction Green’s function under the Dirichlet’s sidewall BCs can be derived in the
same way as that described previously. [63] has presented a comprehensive library
of eigenfunctions, which can be employed to derive the Green’s function under other
types of sidewall BCs.

In calculating the Green’s function derived here, the relationship between the
eigen-expansion coefficients and circuit transfer functions leads to the following ob-
servation: when the heat transfer rate h or h is zero or close to zero, the load
impedances at the end sides of the equivalent circuits become infinite or too large
to be represented in a floating-point number system; therefore, instead of using
impedance formulations, using admittance functions in calculation can avoid numer-
ical overflows. The following asymptotic estimation about H;; can also be made by
expanding the hyperbolic functions in the explicit formulas (2.24) and (2.25): as 7y

increases, Z’s and Z's are close to some constant values according to (2.16); therefore,

when z # 2/, the trend of H;; is dominated by the exponential decrease at a rate of
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¢ (HEhpim) and when 2 = #/, the decrease of Hyj is due to the = term in (2.25).
In the special case that z = 2’ = z,, H;; has a concise form (2.28), by which H;; can
be efficiently computed.

Proceeding as previously, the following section derives the multilayer heat con-

duction Green’s function for the time-dependent heat conduction equation.

2.4.4 s-domain Multilayer Heat Conduction Green’s Function

The time-dependent heat conduction equation for the MLT model in Fig.2.1(b)

is described by

T (z,vy, z, t)

(2.29) V. lk()VT (z,y,z,t)] —p(2)c(z) 5

—f(z,y,2,1)

where p is the density of the material and c is the specific heat. The multilayer
heat conduction Green’s function for (2.29), denoted by G(x,y, z,t|z’, v/, 2), is the
temperature solution to (2.29) under zero initial temperature distribution and zero
ambient temperatures when a Dirac delta source is imposed as the power density
distribution, i.e., f (z,y,2,t) =6 (x — 2",y —y', 2 — 2/, 1).

Consequently, in the s-domain the Laplace transform of G (z,y, 2, t|2', v/, 2'), i.e.,
the s-domain heat conduction Green’s function G (z,v, z, s|2’, v/, 2’), satisfies

9 S (= y—y, 2 —2)
(2.30) V=G — d(z)g = k(2)

where d is the material thermal diffusivity, with d(z) = k(2) /p(2) ¢(z). Insert the

eigen-expansion of G,

(2.31) G (z,y, 2,82,y 2") ZZ¢’J z,y) Gi; (2, 8|12y, 2'),

=0 75=0

into (2.30). After let v,;; = \/12”2 + ]Yz + 457> the same set of governing equations
as those in (2.19) result for G;;. Therefore, the equivalent circuit in Fig.2.3(b) is

employed again to derive the eigen-expansion coefficient G;;.
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Note that since v;; is now z-axis dependent, circuit parameters in Fig.2.3(b) should

be altered in the following way. For the m-th line section, its propagation con-

stant and characteristic impedance are specified as y™ = X2 + JY2 + d and
Zm :m, respectively. Here d,, is the thermal diffusivity of the material in the
m-th layer. The intensity of the current source input and the resistances of the two
terminating resistors are specified by I, = c¢;;é;; (2',y'), R = 1/h, and R = 1/h,

respectively.

The formulas for G;; obtained here are similar to (2.23) and (2.24):

gij (Za S‘xla y/a Zl) = CZ]¢U (ZL’/, y/) Hl] (Zv S|Z/)

Z cosh~y® [+ Z sinh [
Hij (szlzl) = ~ n(*p (») T - fy 7) (p)
(Z, + Z,) coshy W), + (Z, + 2,2,/ Z,) sinh 4P,
Z, coshy D] + Z,sinhy@7) [T » Zm
(2.32) 7= ( il 1) I

t —pe1(Zm coshy (M1, +stmh’y( M)

When 7™ goes to zero, (2.32) can be reformulated by employing the following

formula:

[
W(ngILOZ o sinh M = o

Apparently, changing the eigenfunction ¢;; will lead to the s-domain multilayer

Green’s function under other types of BCs.

Application of s-domain Multilayer Heat Conduction Green’s Function in Computing
Thermal Transfer Impedance

With the s-domain multilayer heat conduction Green’s function, the thermal
transfer impedance from an arbitrary-shape input volume v to an arbitrary-shape

output volume ov, denoted by R(w’ov) (s) here, can be given by

fov fw g CL’ Y, 2 S|ZE y ¥ ) dx’dy'dz’dxdydz

(iv,0v)
2.
(2:33) Ry (s) = [, dxdydz [ dx'dy'dz’

For the thermal transfer impedance at the top surface of a multilayer structure,

Kokkas gave the solution for up to three layers [43|, and the general solution for an
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arbitrary number of layers was given implicitly in [29] by a system of linear equations
and explicitly in [10] by the product of 2 x 2 transfer matrices. Based on (2.33), the
thermal transfer impedance at the surface is obtained below in a concise form.

The multilayer structure used in the literature is a special case of the MLT model
in Fig.2.1(b) by letting » = 0 and h = oo. Therefore at the top surface of the
MLT model in Fig.2.1(b), the thermal transfer impedance to any point pt of location
(x,y, z,) from an arbitrary-shape heat source region hs of area A can be obtained
by inserting (2.31) and (2.32) into (2.33):

(2.34) R (ks pt) ZZ zycm¢m x,y Hij (st,zn)

i=0 j=0
where I;; = [, ¢ (2, y) da'dy’.
Insert | = I,, | = 0 and Z, = oo into (2.32) and apply (2.16). The following

formula results:

Z, + Z, tanh 7(”)ln

2. ij \(Fn; n) — Zn = 4p .
( 35) H] (Z S|Z ) +1 Zn + Zn tanh ’}/(n)ln

Because h = oo, R =0 and Z, = Z; tanhy(;. By employing (2.34) and (2.35), the
thermal transfer impedance at the surface can be efficiently computed. The complex
locus results computed by (2.34) and (2.35) for a structure examined in the literature
(Fig.8 in [10[; Fig.5 and 6 in |62]; Fig.17 in |61]) are plotted in Fig.2.4, which shows
good agreement with the results in [10, 62| and [61].

To establish compact thermal models, the required thermal-transfer impedance
matrices can also be generated by using the s-domain multilayer heat conduction
Green’s function, as formulated in (2.33) [10, 46, 29]. Identical to the 2 x 2 transfer
matrix approach in [10], the presented method by (2.33) leads to fully analytical
double Fourier series such as (2.34). With the explicit formulas for the coefficient

H;;, the efficiency of establishing compact thermal models can be improved. For
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Figure 2.4: . . .
Complex locus of thermal impedance for the structure examined in [10, 62] and [61],

computed by (2.34) and (2.35).

example, to compute the surface thermal transfer impedance, a system of equations
should be solved in an implicit method, and several times more complex number
calculations are required by a transfer matrix method than by (2.35).

This chapter derives the multilayer heat conduction Green’s function with the
inclusion of the s-domain version and demonstrates the Green’s function usage by
the known examples in the literature. The rest of this dissertation primarily focuses
on the steady-state thermal issue and will apply the heat conduction Green’s function

G (z,y, z|2',y, 2') derived in this chapter.



CHAPTER III

Computation of Homogeneous and Inhomogeneous
Temperature Solutions

The previous chapter presents analytical formulas for both the homogeneous so-
lution 7" and the inhomogeneous solution T¢. This chapter considers the fast com-
putation of the two solutions. Traditional Green’s function-based methods consider
only the inhomogeneous solution and use a matrix-vector product to compute T
multiply the power density function, given as a vector, by a matrix of Green’s func-
tion values. For n heat source blocks and n temperature observation regions, these
methods require O (n?) computations to obtain the inhomogeneous temperatures.
To speed up the thermal analysis of ULSI chips, this chapter introduces algorithms
of O (nlgn) complexity to compute both the homogeneous solution and the inho-

mogeneous solution.

3.1 Computation of Homogeneous Temperature Solution

Section 2.3 gives fully analytical formulas for the homogeneous solution 7". Based
on those formulas, this section introduces an O (nlgn) algorithm to compute 7", The
introduced algorithm decomposes a target region in a layer (e.g., layer ¢) of vertical
dimension spanning [z,1, z,2] into A x B uniform cells, as illustrated by Fig.3.1(a)

and (b). Inside a given layer, the cell that is the (a 4+ 1)-th in the = direction and

36
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Figure 3.1:
& Tllustration of discrete models for homogeneous temperatures, inhomogeneous tem-

peratures, ambient temperatures, and heat sources: (a) 3-D heat source region with
z € [zp1, Zp2], target region with z € [z41, 22|, and domain of 2-D top ambient tem-
perature function 7% (x,%); (b) discrete homogeneous and inhomogeneous temperature
models for target layer ¢; (c) discrete ambient temperature model for 7% (z,y); and (d)
discrete heat source model for heat source layer p.

the (b + 1)-th in the y direction is named cell (a,b), where 0 < a < A — 1 and

% X % X (Zq2—2q1>

0 < b < B-—1. Each cell in a target region is of dimensions
and has a uniform homogeneous temperature. For a given cell (a,b) in layer g,
its average homogeneous temperature is denoted by 7% as shown in Fig.3.1(b).
Similarly, the algorithm partitions the domains of the top and bottom 2-D ambient
temperature functions 7 (x,y) and T" (z,y) into A x B uniform cells, as illustrated
by Fig.3.1(a) and (c). Each cell discretizing the domains of the top and bottom
ambient temperature functions is of dimensions % X % and has a uniform ambient
temperature, as shown in Fig.3.1(c). For a given cell (a, b) that discretizes the domain

of an ambient temperature function, its ambient temperature is denoted by T a or

T, depending on which ambient temperature function the cell represents.
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3.1.1 Eigen-expansion Coefficient t_fj and t;

The eigen-expansion coefficient ¢7; in the eigen-expansion (2.10b) is defined by an

integral:
_ 22 d;0—050
ty = / / T (z,y) ¢ (z,y) dzdy.

Apply the introduced discretization scheme and carry out the above integral. f?j is

reformulated to

- 92-8i9—8j0 AZ1 B2l (a+1)X/A  ,(b+1)Y/B
=ty o T [ [ by dudy
’ XY o~ bZ:; * Jaxya bY/B !
22=%i0=950 i\ . .
(3.1) = sin 2—) sin (23) tr;
where £} is given by
A-1B-1 .
m(2a+1) jm(2b+1)
3.2 4T :
(3.2) 2 bz; bcos S ST op

In formulating #; to (3.1), the following trigonometric identity has been used:

(a+1)X/A  p(b+1)Y/B Xy
/ / Gij (2, y) da'dy’ = —— x
aX/A bY/B (K

, i7r(2a+1)+z'_7r o fim(2a+1)  am "
St 2A 24 ) "™ 24 2A

. (g7 (204 1) N Jm . (T (2b+1) g7
sin( =———>+ = | —sin | ¥————F — =—
M\ 2B o) "M\ B 2B
AXY | irm Jm imr(2a+1)  jm(2b+1)
sin — sin =— cos :

(33) = gz Moa ™M op o4 7 9B

Similarly, from (2.10b), the eigen-expansion coefficient #; is reformulated to

o 2270070 fim\ o (gm L,
(3.4) ;= UTSIH A sin 2B 4
where
A-1B-1 :
T(2a+1)  jr(2b+1)
(3.5) = E E 4Tgbcos oA ST

a=0 b=0
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Formulas (3.2) and (3.5) correspond to the 2-D DCTs of the top and bottom
ambient temperatures 7% and T%. Therefore, all ti; and £, for 0 <4 < A —1 and

0 <j < B -1, can be computed in O (ABlg (AB)).

3.1.2 Computation of Homogeneous Solution by O (nlgn) Algorithm

For a given cell (a,b) in the target region, its average homogeneous temperature

T" can be obtained by the integral of T" (z,y, 2) in (2.10a) over cell (a,b):

AB
Ty, = XY ( ><
qu — qu

(a+1)X/A  ,(O+1)Y/B  fzq2
Z / / / Gij (x,y) t?j (2) dwvdydz
qu

10]0 X/A

_ im(2a+1)  im(2b+1)
. — 22T H,, cos T .
(3.6) ; j; j €08~ C08 ——

Here

TH;; = 2'9AB jm (2A) sin (23) /Zq2 t?‘ (2)dz
ijm? (242 — qu) 2

16AB sin? ﬂ sin® jg I e
7 [t Hij + 8, LH ]
252w (zq2 — Zq1)

ql

(3.7)

where [H and IH; are the integrals of Hfj and Hj; over the interval [z,1, 240], i.e.,

(3.8) IH / z)dz and IHY; = / HY (2)dz

Then truncate the series representation of 7% in (3.6) into the following form:

b
CU
,_.

-1 .
(2 1 2b+1
(3.9) Th ~ 2d *TH,; cos (;;;L ) cos m(23+ )

Il
=)
Il
=)

=0 j
which corresponds to the 2-D IDCT of T'H,;. Therefore all T for 0 < a < A—1 and
0 <b < B—1, can be computed in O (ABlg (AB)). Based on the previous formulas,

this section introduces an O (nlgn) algorithm, named Compute-T", to compute the

homogeneous solution: first compute the 2-D DCTs of the discrete top and bottom
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Begin Compute-T"

1. Compute the 2-D DCTs of the given top and bottom ambient temperatures 7% and T4, by
(3.2) and (3.5). Then obtain #}; and £7};.

2. Compute all TH;;, for 0 <i<A—-1and 0<j<B-1,by (3.7), (3.10) and (3.11).
3. Compute the 2-D IDCT of TH;; by (3.9). Then obtain T)%.

End Compute-T"

Figure 3.2: Compute-T": O (nlgn) algorithm for computing homogeneous solution 7".

ambient temperatures T4, and T, by (3.2) and (3.5) to obtain )} and £}, ; then
compute all TH;; by (3.7) for 0 <i < A—1and 0 < j < B —1; finally, compute the
2-D IDCT of TH;; by (3.9) to obtain 7. Fig.3.2 shows the algorithm Compute-7".

Note that the truncation of the infinite series (3.6) up to orders A and B allows
the use of the 2-D IDCT to achieve an O (ABlg (AB)) algorithm. The accuracy of
this truncation approximation can be improved by folding back spectral components
of orders higher than A and B into spectral components of orders lower than A and

B, i.e., adding DCT coefficients TH,; with i > A and j > B to the correspond-

ing DCT coefficients T'H;; with ¢« < A and j < B, because of the periodicity of

g im(2a+1) jm(2b+1)

J
CO A COS 5B

. The later experimental results will demonstrate that the sim-
ple truncation given by (3.9) already provides sufficient accuracy, notwithstanding

without folding back any high-order spectral components.

3.1.3 DCT Coefficients

From (2.13) and (2.15), WZ and IH7; in (3.8) are obtained.

Fori+j =0,
" Zlgw + Zylywl 1o
(3.10a) ITHy, = = e
Z,+ Zoly + Z,
Zolg + Zolgwlgi2e
(3.10b) LHg, = Zrm ot
Z,+ Zyly + Z,
where —lquc — % — 241 and [q12c =24 — ZqQ‘;qu.
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For v+ 7 >0,
a Z +7 e’y—ltﬂ — e'y—lql + Dg 6_’7_lq1 _ e—’Y_lqz
(3.11a) [Hj; = ——1— g ;i ( ‘ )
29¢ (1+ R/ Z,,,) Z, coshvyly + Z,sinh v,
= lag _ a2 1 D4 | o=z _ o—lq
7 .7 era 64—|—Di-<e 2 —e q>
(3.11b) [0 O _ AN
27¢ (14 R/ Z) Z, coshvl, + Z,sinh~l,
where

lo = Zq12 — Zg1

po — Za= 2

Y Zq+Zq
Dl — Z _Zq_
L7 Zq+Zq

In fact, ng is the reflection coefficient of the ¢g-th TL section, seen from its top
boundary toward the top side of the circuit, and ng is the reflection coefficient of
the ¢-th TL section, seen from its bottom boundary toward the bottom side of the
equivalent TL circuit. ng and l_)f] are functions of a single parameter v, where

v = ’;’f + ]}2,—7;2 Therefore, for a given process technology, regardless of A and

B, these coefficients can be characterized into 1-D look-up tables indexed by the
parameter . Then in the pre-characterization of EZJ and IH; for given values of
A and B, the required values of ng and Df; can be obtained from the 1-D look-up

tables.

3.2 Computation of Inhomogeneous Temperature Solution

First introduce a heat source model to describe the power density distribution f.

In the heat source model, uniform cells are employed to discretize the heat source

regions and the target regions. Heat sources in one layer, e.g., the p-th layer, are
X

partitioned into A x B uniform cells, each being of dimensions £ x L x (2,2 — 21)

and having a uniform power density, as shown in Fig.3.1(a) and (d). To simplify
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notations, the numbers of cells in the x and y directions are still denoted by A and B,
respectively, although the number of cells employed in calculating the inhomogeneous
solution can be different from that in calculating the homogeneous solution. For a
given cell (a,b), its power density is denoted by fu, its average inhomogeneous

temperature is denoted by 7%, and its overall temperature is denoted by T,p: T =

ab
Toy + Toj

According to (2.9), when there are multiple layers of heat sources, the inhomoge-
neous solution 7% at a given target layer, e.g., layer ¢, can be obtained by superpos-
ing each inhomogeneous solution at layer ¢ caused by a single layer of heat sources.
Therefore, it is adequate to provide an algorithm that evaluates the inhomogeneous
solution T" at layer ¢, caused by the heat sources at only one layer, e.g., layer p.
Layer ¢ is illustrated in Fig.3.1(a) and (b). To obtain the inhomogeneous solution at
layer ¢ caused by heat sources in layer p, traditional Green’s function-based methods
need O (A%2B?) computations because of the dense matrix-vector product. Based on

the multilayer heat conduction Green’s function, this section introduces a fast yet

accurate algorithm to compute the inhomogeneous solution in O (ABlg (AB)).

3.2.1 Inhomogeneous Temperature for One Layer of Heat Sources

Consider heat source layer p, whose thickness is 2,2 —2,1, as illustrated in Fig.3.1(d).
Insert eigen-expansion (2.18) into (2.9) and carry out the integral by convoluting the
multilayer heat conduction Green’s function with the power density distribution at

layer p. Then the inhomogeneous temperature at an arbitrary location (z,y,z),
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T'(z,y, 2), is obtained:

(2,9, 2 ZZ%% z,y) X

=0 7=0

X Y Zp2
(2 YV H: (2|2) f(2 ), 2 da' dy' d
i (2", y') H; y y
0 Zp1

2 920000 gjp IT gip JT
(3.12) A2 [ idii(n,y / H;j(z|2)d
, g .

where

1y (4 AN N
F,, = / —csc—csc gbz (x y)f(x,y,z)dxdy
e Jo XY 24 ’
ijm? s gm o
= = CSC — CSC ——
XY 2A 2B
A-1B-1 (a+1)X/A /(b+1)Y/B

S ga |

¢Z] (Ij7 y/) dx/dy/

=0 be aX/A bY/B
A-1B-1 : :
ir(2a+1)  jm(2b+ 1)
3.13 = 41, .
(3.13) 2.2 fab cOS SA 8T op

The F;; formulated above is exactly the 2-D DCT of f,,. Therefore, all Fj;, for
0<i<A—1land 0 <j < B—1, can be computed in O (ABlg(AB)). For i,
outside that range, the value of F}; can be obtained by exploiting the periodicity
of Fyj: Floa—y; = —Fi; and Fiap_;) = —F;;. Note that in (3.13), the trigonometric

identify in (3.3) has been used.
3.2.2 Computation of Inhomogeneous Solution by O (nlgn) Algorithm
Consider the target layer ¢, whose thickness is 240 — 241, as illustrated in Fig.3.1(b).

For a given cell (a,b) in layer ¢, its average inhomogeneous temperature T;; is ob-

tained by the integral of the inhomogeneous temperature T%(x,y, 2) in (3.12) over
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cell (a,b):
4 e 22-%i0—%0 A B sin 5% us o sin ”
T = F; / / H;(z|2")d7'dz
b ;jzo T XY r2( Zg2 — qu i(#)
(a+1)X/A  p(b+1)Y/B
X / / Gij(x, y)dxdy
aX/A bY/B
N = b ir(2a+1)  jw(2b+1)
(3.14) = ; jgo 27%07%0 F T Hy; cos SA ST og

where [ H;; is given by

16ABsin® i& sin? 4% %2 (%2
(3.15) [H, = = 2470 05 / / Hyj(2]2)dz'dz.

27214 (20 — 21)

Note that in simplifying (3.14), the trigonometric identify in (3.3) has been used.

Then truncate the series representation of 7}, in (3.14) into the following form:

A—1B-1 :
it(2a+1)  jm(20+1)

3.16 T~ Y > 2700 % F,IH, .

(3.16) o 2.2 j1Hij cos ————cos ——

The above truncated series representation of T’b is exactly the 2-D IDCT of Fj;1 H;;.
As a result, the algorithm named Compute-T" to evaluate the inhomogeneous solu-
tion at layer ¢, caused by heat sources at layer p, consists of one 2-D DC'T procedure
to compute F}; based on (3.13) and another 2-D IDCT procedure to compute T7,
based on (3.16). The time complexity of the algorithm is O (ABlg(AB)). The
complete thermal analysis method named LOTAGre, which integrates algorithms
Compute-T° and Compute-T7", is shown in Fig.3.3. Note that folding back high-
order spectral components F;;IH;; can also improve the accuracy of the truncation
approximation (3.16).

Both Compute-T" and Compute-T" use the 2-D DCT and 2-D IDCT procedures
to achieve O (nlgn) run-time. However, the involved DCT and IDCT coefficients
have different physical meanings. In Compute-T", coefficient I H;; is related to the
transfer impedance of the equivalent circuits. In Compute-T", coefficients mzj and

L1H,; are related to the voltage transfer functions of the equivalent circuits.
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Begin Compute-T*
1. Compute all IH;;, for 0 <i < A and 0 <14 < B, by (3.15), (3.17) and (3.18).

2. Given one layer of heat sources, whose power densities are defined by a 2-D array made of
fap, for 0 < a < A and 0 < b < B, compute the 2-D DCT of f,5 by (3.13) to obtain Fj;.

3. Form an array made of Fj;IH;;, for 0 < i < A and 0 < ¢ < B, and then compute the 2-D
IDCT of that array by (3.16) to obtain 77,.

End Compute-T"
Begin LOTAGre

1. Apply algorithm Compute-T* to compute T, .
2. Apply algorithm Compute-T" to compute T .
3. Sum up T}, and T to obtain temperature Typ.

End LOTAGre

Figure 3.3: . . .
LOTAGre: O (nlgn) multilayer heat conduction Green’s function-based thermal anal-

ysis method.

3.2.3 Pre-characterization of IH;;

To simulate a chip, all 1H;;’s should be pre-characterized only once. Then, for
any given power density distribution in the form of f,;, multiplying its 2-D DCT
Fj; by the pre-calculated value of I H;; and applying the 2-D IDCT of Fj;IH;; will
obtain the corresponding inhomogeneous temperature 77%,. The following details the
procedure to pre-characterize I H;;.

Let H;; denote the integral term in (3.15), i.e. H;; = f;qqf fz”z H;j(z]2")dz'dz. To
compute H;j, it should be noted that in the representations of H;; given in (2.21)
and (2.24), it is assumed that either the source layer p is lower than the target layer
q, or both p = g and 2’ < z, to simplify the presentation. Beyond the assumption,
H;; can be obtained by the reciprocity of transfer functions: if p = ¢ and 2’ > 2, H;;
can be obtained by exchanging z and 2’ in (2.21) and (2.24); otherwise, if p > ¢, H;;

can be obtained by exchanging the subscripts p and ¢, as well as z and 2/, in (2.21)

and (2.24). Therefore, three cases are considered in computing ﬁ”



46

The case that layer p and layer ¢ are the same (p = ¢)

~

From (2.21) and (2.24), H;; is obtained:

( Z 22,1 + Zpo
» |\ Z, 3 v

— VA :] = 0
w(Za . _Zetia) _ln
Z, ! 3 36
(3.17) Hj =
(D2 (o) D ()’
+2D8, Dle M (' — Al — 1) 1+ 7 >0
\ + QG’YZP (6_%"” + ’ylpv — 1)] EU
Here lpv = Zp2 — Zpl, lqv = qu — qu, llc = Zpl — Zp—‘r%, and l20 = Zp2 — ZV’_%_
The case that p < g
From (2.21) and (2.24), H;; is obtained:
(
Z
ol (717 + w _ Zp_1> y
L 1=7=0
Zo o, ot
Z, 2
E;. [DZ (e*’Y_lpl _ e*’Y_lpz) + e’Y_lpz _ e’Y_lpl] %
t+7>0
[quj <€—77q2 — e_Vqu> + Ma equz] ‘
\

Here [, 5 = 2zp12 — 2p-1 and ljgo = 2 — 2q12-

The case that p > ¢

The expression of H,; is similar to (3.18). In this case, H,; can be obtained
by exchanging the subscripts p and ¢ in (3.18) and also the subscripts p and ¢ in

coefficients o, DY, D, and E;.

—i]’
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The previous coefficients are given by

o = Zqu
Zy+ Zply + Z,
— 7
D= >
J 7p+Zp .
§ (2, + %) (24 + Z,)

By = — _ _ )

T 4y 7, (2, + Zy) coshl, + (22 + Z,7,) sinhl,
According to the equivalent TL circuit shown in Fig.2.1(d), Df; is the reflection
coefficient of the p-th TL section, seen from its bottom boundary toward the bottom

side of the circuit.

The coefficients ij and E;; also depend upon a single parameter v, where v =

i;’f + ji}f. Therefore, 1-D lookup tables can also be constructed for these coeffi-

cients to speed up the pre-characterization of I H;;. With the required values of ij

and E;;, IH;; can be computed from (3.15), (3.17), and (3.18).

3.3 Experimental Results

3.3.1 Accuracy and Speed of LOTAGre

The O (nlgn) multilayer heat conduction Green’s function-based thermal analysis
method is named LOTAGre. The method was verified by comparisons with a sophis-
ticated computational fluid dynamics tool, called FLUENT. As introduced in chapter
II, the MLT model in Fig.2.1(b) used in LOTAGre can consider different types of
chip packaging scenarios, e.g., wire-bonding packaging and flip-chip packaging. The
following uses a die with flip-chip packaging as an example.

Fig.3.4 shows a chip example which has a structure similar to the PowerPC! chip
|50, 76]. The figure shows two heat conduction paths in the chip. One heat conduc-
tion path transfers the heat generated in the active region of the chip through the

silicon bulk, the thermal adhesive, and the heat sink to the top ambient environment.

1PowerPC is a trademark of IBM Corp., used under license by Motorola Inc.
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Figure 3.4:

Example chip of flip-chip packaging: (a) real chip structure; (b) MLT model for the
given chip; (c) specification of power density distribution f for heat source region; and
(d) specification of 2-D bottom ambient temperature function T* (x,y), which models
thermal effects of the bumps.
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The other heat conduction path transfers the heat through the bump, the under-fill
materials, and the substrate to the bottom ambient environment. Fig.3.4(b) shows
a three-layer MLT model for the example chip. In the three-layer MLT model, the
bottom two layers incorporate the entire chip and the thermal adhesive, and the top
layer models one portion of the heat sink. The thermal effects of the other regions
excluded in the MLT model are addressed by the top heat transfer rate h, the bot-
tom heat transfer rate h, and the top and bottom ambient temperature functions
T (z,y) and T*(z,y). The two heat transfer rates h and h can be determined by
either empirical formulas or experimental data fitting [50, 22]. In the experiments,
h was set to 8675 W/(m? K), and &k was set to 1387 W/(m? K). The chip horizontal
dimensions were 2 x 2 mm?. Fig.3.4(b) also shows the thickness and thermal con-
ductivity of each layer. Inside the chip layer of the MLT model, there was a 5 pum
thick heat source region, where six rectangular heat sources were placed. Fig.3.4(c)
shows the six heat sources, and the power of each heat source is given near the heat
source box.

The temperature distribution of the example chip was analyzed by LOTAGre
and FLUENT. In LOTAGre, A and B were set to 40. However, it is recommended
that A and B be the powers of 2, to facilitate the DCT and IDCT algorithms.
At first, the homogeneous temperature distribution was analyzed. The 2-D top
ambient temperature function 7% (z,y) was assumed to take a constant value. The
2-D bottom ambient temperature function 7" (z,y) was specified as in Fig.3.4(d).
As shown by Fig.3.4(c) and (d), the specified bottom ambient temperature function
was very similar to the specified power density function, except that the ambient
temperatures replaced the powers in Fig.3.4(c).

The results for the homogeneous temperature distribution are shown in Fig.3.5(a)
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and (b), where the left graphs give the homogeneous temperature distributions ob-
tained from LOTAGre, and the right graphs show the relative differences of the
calculated temperatures from FLUENT. Fig.3.5(a) and (b) demonstrate that the
homogeneous temperature deviations between the two methods were within 0.04%
in the heat source region and within 0.001% on the top surface of the MLT model. In
terms of CPU usages, LOTAGre took 1.193 s to pre-characterize all Wij and [H,;
and then took only 47 ms to calculate the homogeneous temperature distribution,
while FLUENT took 269 s to obtain the solution. A SUN Blade 1500 machine was
used in running the experiments.

Fig.3.6(a) and (b) show the results for the inhomogeneous temperature distribu-
tion. The left graphs give the inhomogeneous temperature distributions obtained
by LOTAGre, and the right graphs show the relative temperature differences from
FLUENT. Fig.3.6(a) and (b) again demonstrate the accuracy of LOTAGre: the in-
homogeneous temperature deviations between the two methods were within 1.18% in
the heat source region and within 0.529% on the top surface of the MLT model. The
pre-characterization of I H;; took 1.283 s. The evaluation of the inhomogeneous tem-
perature distribution after the pre-characterization only took 44 ms, while FLUENT
took 205 s to obtain the solution.

Different sets of parameters h, ks and h, as shown in Table 3.1, were also exper-
imented for the MLT model shown in Fig.3.4(b), and the temperature distributions
on the top surface and in the heat source region of the MLT model were again solved
by LOTAGre and FLUENT, respectively. The results are shown in Table 3.2, where
letter H indicates the homogeneous temperature results, while letter [ indicates
the inhomogeneous temperature results; Maz. indicates the maximum temperature;

Pre. indicates the pre-characterization time taken by LOTAGre; Fva. indicates
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Fi 3.9:
1ere Comparison between LOTAGre and FLUENT in computing the homogeneous temper-

ature distribution. In (a) and (b), left graphs show temperature distributions computed

by LOTAGre, and right graphs show relative temperature differences from FLUENT in
percentages.
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Fi 3.6:
1ere Comparison between LOTAGre and FLUENT in computing the inhomogeneous temper-
ature distribution. In (a) and (b), left graphs show temperature distributions computed

by LOTAGre, and right graphs show relative temperature differences from FLUENT in
percentages.
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Table 3.1: Parameters of the examples used in comparing LOTAGre and FLUENT.
[ [ EXI [ EX2 [ EX3 [ EX4 [ EX5 [ EX6 | EX7 [ EX8 [ EX9 [ EXO0 ]
h (W/mQK) 257 5212 | 9826 | 1387 | 2715 | 1462 512 1128 1682 21
ko (W/m K) 12.2 32.4 16.2 5.1 382 1715 10.4 15.3 60.1 70.2
h (W/mZK) 8675 | 5419 | 2371 | 9451 | 7213 | 8415 | 800.1 | 3410 | 13215 | 9898

Table 3.2:
abie Comparisons between LOTAGre and FLUENT for the example chip in Fig.3.4 under

wide parameter variations.

EXS H-Mazx. H-Pre. H-FEva. H-FLU. H-Dev. I-Mazx. I-Pre. I-FEva. I-FLU. I-Dev.
o) | (s | (ms) (s) o) | () | (ms) | (s)
EX1 2.058 1.238 52 290 0.02% 59.44 1.215 42 51 0.95%
EX2 2.968 1.203 45 83 0.59% 49.51 1.266 42 182 1.27%
EX3 3.587 1.17 57 134 0.74% 43.94 1.327 46 202 1.44%
EX4 2.269 1.14 47 166 0.05% 51.71 1.255 48 373 1.23%
EX5 2.542 1.211 48 93 0.26% 52.51 1.226 53 34 1.16%
EX6 2.295 1.187 47 291 0.04% 52.88 1.214 43 140 1.16%
EX7 2.74 1.197 50 941 0.38% 340.9 1.238 42 553 0.55%
EX8 2.482 1.154 51 238 0.85% 105.5 1.32 46 232 0.55%
EX9 2.233 1.171 48 145 0.07% 38.58 1.27 42 364 1.67%
EXO0 2.004 1.195 48 223 0.01% 53.56 1.227 45 81 1.17%

the temperature evaluation time taken by LOTAGre; FLU. indicates the run-time
of FLUENT; and Dev. indicates the maximum of the relative temperature differ-
ences from FLUENT. Table 3.2 shows that the homogeneous temperature differences
between LOTAGre and FLUENT were within 0.9%, and the inhomogeneous tem-
perature differences between the two methods were within 1.7%. The results in
the table have demonstrated the accuracy of LOTAGre, despite the large parameter
variations. They also demonstrate the superior speed advantage of LOTAGre, which
was around two orders of magnitude faster than FLUENT if the pre-characterization
time is taken into consideration. If LOTAGre is used in an inner loop and iterated
many times for different power density distributions, the pre-characterization of co-
efficients needs to be done only once. Therefore, LOTAGre can asymptotically be

thousands of times faster than FLUENT.

3.3.2 Scalability of LOTAGre

Theoretically, LOTAGre is of O (nlgn) complexity, while traditional Green’s

function-based thermal analysis methods are of quadratic complexity [21, 78|. To
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demonstrate the scalability, LOTAGre was employed to analyze the example chip in
Fig.3.4, but the x — y dimensions were extended to 1.28 x 1.28 ¢cm? to accommodate
more standard cells. A randomly generated heat source distribution f,;, was imposed
on the 5 pm thick heat source region of the chip, which is indicated in Fig.3.4(b).
Only the inhomogeneous temperature distribution was analyzed, since the homoge-
neous temperature distribution did not depend on the power density distribution
and could be computed only once for a given ambient condition. The power density
distribution and the calculated inhomogeneous temperature distribution in the heat
source region are shown in Fig.3.7(a) and (b).

The CPU usages taken by LOTAGre during pre-characterization are shown in
Table 3.3 (Pre-char.), for the number of cells A x B varying from 32 x 32 to 1024 x
1024. Note that the CPU usages during pre-characterization will be amortized in an
iterative thermal analysis flow, since LOTAGre conducts the pre-characterization of
I'H;; only once. The table shows that the pre-characterization time is almost linearly
related to A x B, as all IH;; for 0 <i < A—1and 0 <j < B —1 were computed by
LOTAGre. As introduced in Section 3.2.3, the pre-characterization time would be
reduced further if 1-D look-up tables were established for coefficients Dj}, ij and
E;; before running the experiments.

For comparisons, a matrix-vector product program was implemented to simulate
the traditional Green’s function-based methods [21, 78]. Fig.3.7 shows the randomly
generated heat source distribution used in the experiments and the resultant inhomo-
geneous temperature distribution computed by LOTAGre. Table 3.3 compares the
CPU usages of LOTAGre and the traditional methods. According to the table, when
the number of cells A x B doubled, the temperature evaluation time by LOTAGre

(LOTAGTre) increased a little more than two-fold, while the time by the traditional
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(a) Randomly generated heat source distribution f. (b) Inhomogeneous temperature distribution in heat
source region.

Figure 3.7: Applied heat source distribution in testing the scalability of LOTAGre and the resultant
inhomogeneous temperature distribution computed by LOTAGre.
A B Pre-char. (s) || LOTAGre (s) | Trad. (s)
32 32 0.038 0.021 0.012
32 64 0.073 0.023 0.046
64 64 1.442 0.026 0.192
64 128 2.866 0.032 0.85
128 128 5.825 0.047 4.733
128 256 11.501 0.082 18.75
256 256 22,713 0.171 82.892
256 512 45.663 0.407 707.07
512 512 90.79 1.236 N/A
512 | 1024 181.428 3.282 N/A
1024 | 1024 362.350 7.537 N/A
Table 3.3:

Scalability of LOTAGre: comparison of CPU usages by LOTAGre and traditional
Green’s function-based thermal analysis methods.

methods (7rad.) increased around four-fold. These run-time data closely matched
the theoretical complexities of LOTAGre and the traditional methods. LOTAGre
clearly had superior computing speed and was also scalable to large problem size.
For example, when A x B increased to 1024 x 1024, a chip of one million standard
cells was analyzed in less than 8 s by LOTAGre. In contrast, the traditional methods

became extremely slow even when the number of cells was no more than 256 x 512,

or one-eighths of one million.
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3.3.3 Single-layer Thermal Model Versus Multilayer Thermal Model

Novel 3-D ICs that vertically integrate multiple active layers can significantly re-
duce interconnect lengths and improve transistor density [9]. However, the thermal
management is exacerbated by the low thermal conductivity of bonding layers [36].
For example, one active layer typically has a thermal conductivity of 150 W/(m K),
while the bonding material between two active layers has only a thermal conductivity
of 0.05 W/(m K). LOTAGre is able to accurately analyze the temperature distribu-
tion of 3-D ICs, as it uses the multilayer heat conduction Green’s function and is
based on the MLT model. The heat conduction path in a 3-D IC or a traditional 1C
consists of multilayer heterogeneous heat conduction materials. Traditional Green’s
function-based thermal analysis methods treated the chip heat conduction path as a
one-layer structure, by using the SLT model complemented with effective heat trans-
fer rates to the ambient. Fig.3.8(a) demonstrates the SLT model (the rightmost
diagram). In the figure, h, is the effective heat transfer rate from the top of the SLT
model to the ambient, determined by the approach in [22]; and ETT is named the
effective thermal thickness.

To determine the accuracy of the SL'T model for the example chip shown in Fig.3.4,
the SLT model in the rightmost diagram in Fig.3.8(a) was used in LOTAGre to
analyze the temperature distribution of the heat source region. The temperatures
obtained by using this SL'T model were compared with the temperatures obtained
from FLUENT simulation of the MLT model in Fig.3.4(b). The maximum percentage
errors of the calculated temperatures based on the SLT model, versus the effective
thermal thickness ETT', are plotted in Fig.3.8(b). The figure shows that the accuracy
of the SLT model was very sensitive to the effective thermal thickness ETT. For

the simulated chip, when ETT = 250 pum, the maximum percentage error of the
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Figure 3.8: Single-layer thermal model, and its accuracy versus effective thermal thickness ET'T'.
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calculated temperatures using the SLT model was 2.41%; when ETT = 240 pm, the
maximum percentage error was 3.93%; however, when ETT = 210 yum, the maximum
percentage error was as large as 26.14%. However, to ensure the temperature errors
are within 2.4%, both the chip region and the thermal adhesive should be modeled,
which is beyond the capability of the SLT model. Since the active layers in 3-D
ICs will become thinner, the use of the SLT model in 3-D IC thermal analysis and
optimization will be very limited. In order to use the SLT model, the effective
thermal thickness ETT must be determined accurately, because the accuracy of the
SLT model is very sensitive to ETT. LOTAGre can be used to estimate ETT, as it

has a low time complexity.

3.4 Error Analysis of LOTAGre

LOTAGre utilizes the DCT and IDCT algorithms to achieve the O (nlgn) com-
plexity. Consider the inhomogeneous solution. In order to apply the IDCT algorithm,
however, the infinite series (3.14) must be truncated to the finite-summation form
(3.16). This section analyzes the truncation error of (3.16) and establishes connec-
tions between the sampling theory and the discrete heat-source model by the Fourier
analysis.

Given a function u (z,y), its Fourier transform U («a, ) and the inverse transform
are given by

[e.9]

8

(3.19a) Ula,B) =

u (z,y, o, f) dedy

88
88

Flu@o= [ [ w@wo
(319b)  ule,y)=F U (o B)] / / Ua,8) ¢~ (x,y,0, ) dadB

8
8

where ¢ (z,y, a, f) = exp [—i27 (ax + By)].



59
3.4.1 Upper Bound of Truncation Error in LOTAGre

The discrete heat-source model describes a power density function, i.e., f (2, v/, 2'),
which is defined in the region 2’ € [0, X], ¥/ € [0, Y] and 2’ € [z, z,2]. Let the even
expansion of f (2/,y/, 2") be denoted by f(x’, y', 2'), which is defined in the expanded
region ' € [-X, X], v/ € [-Y.Y] and 2’ € 2,1, zp2). From (3.19a), it can be shown
that the F}; defined in (3.13) relates to the Fourier transform of f (z',%/,z) at the

frequency point (ﬁ, %) by

Sy

Unless the power density function f(2',y',2’) is band-limited, (3.14) must contain
infinite terms. Therefore, the truncation of the infinite series (3.14) will incur nu-
merical errors in LOTAGre.

The truncation error of the series (3.16), being denoted as €., is given by

o0 o0 A 1 oo -
1
(320) Z Z Etr + Z €tr(i 5 Z tr(4,0) + - Z €tr(0,5)
=4 j=1 i=1 j=B i=A
where
m(2a+ 1 i (20 + 1
€tr(ig) = FigI Hij cos im(2a+1) cos gm(2b + )

2A 2B

As mentioned in Chapter III, Fj; is periodic; therefore, there must exist an upper
bound F** such that |Fj;| < e for @ > 0, j > 0. Before determining the
truncation error €, first estimate a bound for H;;. The H;; in (2.24) is rewritten to

€ (Z, coshnl+ Z,sinh~l) (Z, cosh~yl + Z,sinh~1)

3.21 H,(2]7) = i !
(3:21) i(212) Zp(Z, + Zp) coshyly, + (22 + Z,7,) sinh 71,

Upper and Lower Bounds for Z, and Zq

The input impedances Z, and Z, in (3.21) can be bounded based on (2.16). Con-

sider that when = > 0, tanhz is an increasing function of x, and 0 < tanhz < 1.
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From (2.16), it is clear that for v > v,,;,, > 0, the input impedance Z;, satisfies

ZMn(ZL) < Ziyy < ZM (ZL)

where
ZL+ ZC
A VA NEA
4 Z L+ ZC tanh v, L
M (ZL)=Z :
in (ZL) = 2C 7ZC + ZL

Further, it can be shown that when ZL > 0, both Z"" (ZL) and Z"*® (ZL) are
increasing functions of Z L.
Therefore, when v > i, > 0, the upper and lower bounds of Z, can be deter-

mined at the maximum and minimum of the loading impedance Z, ,: Z, satisfies

in ar
Z," <2, 2

where
e
Zp1 (Zpr + 20%F) | (Zp—1 + 2777 tanh Yinlp—1) . p > 2
(322)  Z7"" =4 Z, cothyminls, p=2
|7/b; p=1
and
Zyq (Z;"_“f + Z,_1 tanh %mnlp_l) / (Z;,”_”f + Zp_l) ., p>2
(3.23) Z;m =17 (7”5" + 7 tanhymmh) / <%an + Zl> , p=2
\V/ba p=1

Similarly, when v > 4,,:, > 0, the upper and lower bounds of Z, can be determined

at the maximum and minimum of the loading impedance Z,,1: Z, satisfies

7 min 7 7 max
<257
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where
Zgr1 (ZqH + Z;Tf*’) / (ZqH + Zﬁaf tanh fymmlqﬂ) ., g<n-—1
(3.24) Z;nw =\ Z, cothvVinln, g=n-—1
\7/717 qg=n
and
(
Zor (ZJ358 + Zgga tanh Yoninlg 1) [ (Z355 + Zga) . g <n—1
(3.25) Zy" = Zy (M + 7, tanh Yl / (222 + Z,,) g=n-—1
7/}_% q=n.

Upper Bound for ¢

Given the upper or lower bounds for Z, and Z,, an upper bound for the & in (2.25)
can be obtained.

Clearly, for v > Ymin > 0,

1 + 6_27minlm
2

1
Eevlm < cosh~l,, < eVlm

1 — _27minlm 1
(3.26) R — LT Vi < =€,
2 2
Hence
f q
€< =2 exp (—v > lm>
v m=p+1
where
| 7,1, Zmer
(3.27) {= o1l

371:19-#1 % [Zn"m”n + Zm (1 — 6_27minlm):| :
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Upper Bound for H;;

Given the upper and lower bounds for Z,, Zq and &, it can be shown that the H;;

in (3.21) is bounded by
1. .
(3.28) H;; (z]2") < H* = ;Hijé“exp [v (2" = 2)]

where

1 w2y + 2] [n 2" + Z,]
2 [Zp (Z;“” + Z;}nm) + (Zi% + _Z;ng;mn) (1 — 6_27minlpﬂ ’

(3.29) qo—
Here ¢, and ¢, are given by
¢, =1+ e~ 2min(zp1—2p—1)

Eh =1 + 6—2’Ymm(zq_zq2)‘

To simplify the upper bound H;7**, different combinations of p, g, 2, 2" are considered

below.
ep=1landg<n

In this case, according to (3.24) and (3.25), Z"** and Z"" are constants, while Z'*
and _Z[’,m” are given in the form of v/h. Tt is clear that é, given in (3.27), is a constant.

Accordingly, the H;; in (3.29) satisfies

(Qh + Zp b) (EhZ;'m + Zq)

Ymin

7+ Z7in (1 — ¢ Fmanly)

: 1

(3.30) Hy <5

Consequently, by (3.28), H;; (z|2') is bounded by a function in the form of ae?®'=2) /:
Hij (2]2) < ae?@=2) [y

where « is a coefficient determined by (3.27) and (3.30).
Since the transfer function H;; (z|2') is reciprocal, i.e., H;; (z|2') = H;; (#'|z), the

above analysis is also applicable when p > 1 and ¢ = n.
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ep=1landg=n

In this case, Z'** and ZJ""" are of the form v/h; Z"** and Z!™™ are of the form /h.

When p = ¢, § is a constant. Because ZI’}“'” = ~/h, the Hz‘j in (3.29) satisfies

Z Ly -

Hence, from (3.28), Hy; (z|2') is also bounded by a function in the form of ce?®'~2) /5,

. 1
(331) H < 5 (1 _ e*Q’Yminlp) (Qh +

with a determined by (3.27) and (3.31).

When p < ¢, the € and H in (3.27) and (3.29) need to be changed to

2,11, 2

é 171 1 [ 7mi - —29minl
(et 22 (o + 2R
(3.32) H _ min min

 Zy+ Zpin (1 — e 2minky)
Then from (3.28), H;; (2]2') is bounded by a function in the form of ae?* %) /v as

well, with o determined by (3.32).
ep>landg<n

In this case, £ in (3.27) and H in (3.29) are constants. Then by (3.28), H,; (z|2') is
also bounded by a function in the form of ae?*'=#) /5, with a determined by (3.27)

and (3.29).

Upper Bound of Truncation Error

As previously demonstrated, Hj;(z|2') < ae?’®' 72/, where a is a coefficient
contingent on p, q, z, 2’ and Y. Then by (3.20), an upper bound for the truncation

error €;- can be given:

max
aFij

3.33 € < €1 =
( ) tr = G 2q2 — Zq1

(Etra + Etpb + Etye + 6trd) )
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with?

16AB
2 —2)dZdz

€tra =

16A

—2)d7'dz

€try =
Zp

2AX y 5 I
— in(z'—z)/X - \3 /
€e =~ E / / e sin? oA (im)” dz'dz

2BY
€trd = Z/ / I =AY i gB/(jw)?’dz’dz.

Here Y (i,7,7) = €@ sin® & sin? I /%% As v = \/(iW/X)2+ (jm/Y)?, to
calculate o, let Y, = 7 - min (A4/X, B/Y).

Let Say [a, b, ¢, x] denote the double summation of Vg, (i, 7, x):

A-1 oo 0o 0o
Sapi [a, b, ¢, z] Zz¢abc(i7j7$)+Zz¢abc<i7j,$
i=1j=B i=A j=1

Then €44 + €44, denoted by €445, 1S represented by

€trab = €tra T €trb
16AB
= g {Sdbl [2 2 3 Zp2 qu] - Sdbl [27 27 37 zp? - ZqQ]

(334) _Sdbl [2, 2, 3, Zpl — qu] + Sdbl [27 2, 3, Zpl — qu]} .

Let Ssg [a, p, 0, K] denote the single summation below:

Ssgi a, p, 0, K| = Z—sm ( >

2Here assume that zp1 < zZp2 < zq1 < zg2. When zp1 = 241 and zp2 = 242, €tra — €trq Need to be determined
from f a2 (202 ;. (2|2') dz'dz < i—'; ['y (2q2 — 2q1) + ev(za1=242) _ 1},

Zpl




Then €. is represented by

2AX3

e = = { S |5, 5 (2 = 2m) , T A
— St |5, 5 (2 = 22) s 71, A]
— ot 5% (ot = z) , 7, A
(3.35) — Segi [5, % (2p1 — 2g2) , %,A} }

and €4 is represented by

— Ssql [5,; Zp2 — zqg),%,B]
— Ssgi [5, ; Zp1 — Zq1) %, B]
(3.36) — Sigt 53 (o —zqg),%,B]}.

With (3.34), (3.35), and (3.36), the upper bound of truncation error €;** in (3.33)

can be computed.

3.4.2 Computation of Upper Bound of Truncation Error

Computation of S,y [a, p, 6, K]

To compute €;**, first consider the single summation Sy [a, p, 6, K]. It is refor-

mulated to

ek sl e’ 1 + cos ko
(337) Sl .0, K] = z}:{k_ ( ) :zk__zzk_ .
where W is an integral multiple of 27/0. In the above formula, the second right-

hand-side term can be reformulated to

wW—
(3.38) Z - C o Liy (") ; ek—

where Li, (+) is the poly-logarithm function: Li, (z) = Y o, @*/k*.
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Consider the last right-hand-side term in (3.37). Clearly, 7 is an integral multiple

of 0. Then let k = 7/0, where k is an integer. There is a lemma.
Lemma III.1. When p <0,

W+2k—1 €kp 1+ cos L0 /W+21€ e* 1 + cos x@d < 1+ cos ko
— — - - I - 5
ke 2

6
3.39) 0L —
( ) o w xe 2 o k 2

k=W ‘W-ﬁ-QH

Proof. Rewrite

dr =

Wik I/ otp e@tm)e N\ 1 + cos x6 elatr)p
Lo G- S ]
w ¢ (x4 k) 2 (x + k)

For x € [W, W + k], both 2 /x%—e@*+%)P / (z + k)* and (1 + cos z6) /2, being non-

/W“"C €™ 1+ cos x6
w xe 2

negative, are decreasing functions of z. Further, e®+%°/ (z + x)* is also a decreasing
function of x. Hence, the right-hand-side integrand in the above formula must be a

decreasing function of z. Consequently,

/W”” e*r 1 + cos 6 Ltcosef, Wik: ! e ek t8)e N\ 1 + cos ko N e(k+”)’)a
W xe ke (k+ k)" 2 (k+ R)
B W+2k L ekr 1 4+ cos ko
n ko 2
k=W
and
W26 cup | 4 cos x6 sy ek ek +r)e N\ 1 + cos ko elktr)p
ez ) |- a + a
w x 2 WS LUK (k+ k) 2 (k+ k)
B W2k kr 1 4 cos ké’
a 3 2
k=W 1

Since (3.39) can be generalized to address any summation in the form of

W42
TR ke + cos kO

ke 2 ’
k=W+2mk

where m is an integer, a lemma follows.



67

it X
[
[
R3 I R,
B+k+1( | ____.
Btk m/————mMmM8M8M8M8M8M ™ r— - - - - -
Ly
R R
1 L, 2
B
Ro
o> 3 i
~ X
+
|_\

Figure 3.9: Tllustration of computation of Sgy [a, b, ¢, x].

Lemma II1.2. When p <0,

o0

(3.40) 0 < Z "’f’l+cosk9 _/"oe""pl—i—cosxG - eWpl+cosW9.

i
woze 2 S e 2

By (3.38) and (3.40), Ssy [a, p, 0, K] can be approximated by

(3.41)

N

—1 Wlk

kp kO % Lzp | )
SSQl [CL7 P 07 K] Lla (ep ek_a — ek_a + C208 / € + cosx dx

e 2
1 k=K w

e
Il

with an absolute error no more than

e"P 1+ cosW8
Wa 2 '

In order to meet the error tolerance, a sufficiently large W can be chosen.
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Computation of Sy [a,b, ¢, z]

As shown in Fig.3.9, Sgy [a, b, ¢, z] corresponds to the summation of 9. (, 7, )

for all 7 and j in the regions Ry — Ry. Let Say [a, b, ¢, ] be approximated by

(342) Sdbl CL b C, JI Z ¢abc i j?

a]eRl

Then the approximation error, denoted as €gp, is given by

= >, Yaelijx).
1,]ER2UR3URY
To estimate e, use the following inequality: for z < 0,

o 1
(3.43) e < el with 5, = —— and s; =

which holds because

By (3.43),
B+k
(344) Z ¢abc 7 ], Z Z¢abc Z j? < EZ})?(:BRQ)
i,jER> i=A+k+1 j=1
where
T . et sm2 i BAE o(sii+si)z i j—g,
€dbi(Ry) = Z Z
i=A+k+1 J VA““)

6(8]‘]-"-51')1‘ Sin2 5_

:SSgl[a,sx, ,A—i—k—i—l]z T
4 jeta 1 Ak

Here L, is the set of js falling on the vertical linei =A+k, j=1,--- B+ k.

By the same means,

[ A+k

(345) Z ¢abc 1 ], Z Zwabc v ]7 :172(11(:6123)

1,JER3 j=B+k+1 i=1
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where
Atk (siits;)e o2 in
max T ¢ s A
€dbl(Rs) — Ssgl [b, 55T, 57 B+k+ 1} Z janye : ’
i=1 i(B+k)
and

(3.46) Do Vweliir)= Y > w(i,5) < ehitny,

i,jER4 i=A+k+1 j=B+k+1
where
maz Ssgl [a, s, 4, A+ k+ 1} - Ssgi [b, 5;1, 5, B+ k+ 1}
€dbl(Ry) = - .
V(A+k+1)(B+k+1)
In summary,
(3.47) €anl < €l = €abi(Ry) t Edbi(Rs) T Edbi(Ra)-

When £ is sufficiently large, €79 will meet the given error tolerance. As a re-
y large, €g, &

sult, Sgy [a,b,c,x] can be satisfactorily approximated by the double summation of
Yape (1, j, ) for i and j in the region R;.

The above describes the approaches to compute Sy [a, p, 0, K] and Say [a, b, ¢, x].
With these approaches, the numerical value for the upper bound of the truncation
error, €'*", can be obtained from (3.33), (3.34), (3.35) and (3.36). Accordingly,
a numerical program was developed to calculate the upper bound of the truncation
error in LOTAGre. For the results in Table 3.2 for the example chip in Fig.3.4, Table
3.4 shows the upper bounds of the truncation errors for the temperatures computed
by LOTAGre for the heat-source region, and Table 3.5 shows the upper bounds of the
truncation errors for the temperatures computed by LOTAGre for the top surface of
the chip.

Since LOTAGre uses the first A x B terms in (3.14) to compute the temperature

distribution of the chip, the next 154 x B terms in (3.14) were also used to estimate



Table 3.4:

Table 3.5:
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Upper bounds of truncation errors for temperatures computed by LOTAGre in the heat-
source region of the example chip in Fig.3.4 under wide parameter variations.

}_7/ k‘g I_ Max 6?;’”"7: 6;;1,7n
(W/m? K) | (W/mK) | (W/m?K) °C °C °C
257 12.2 8675 50.44 | 0.8568 | 0.6900
5212 324 5419 1951 | 0.8516 | 0.6807
9826 16.2 2371 4394 | 0.8562 | 0.6893
1387 5.1 9451 5171 | 0.8594 | 0.6899
9715 382 7213 5251 | 0.8304 | 0.6808
1462 1715 8415 52.88 | 0.8247 | 0.6899
512 10.4 800.1 340.0 | 0.8574 | 0.6900
1128 15.3 3410 1055 | 0.8559 | 0.6899
1682 60.1 13215 3858 | 0.8462 | 0.6899
21 70.2 9808 53.56 | 0.8446 | 0.6900

Upper bounds of truncation errors for temperatures computed by LOTAGre on the top
surface of the example chip in Fig.3.4 under wide parameter variations.

h ko h I—Maz | epo® esum
(W/m? K) | (W/m K) | (W/m? K) °C 10716°C | 10716°C

257 12.2 8675 48.97 3.464 2.667
5212 32.4 5419 41.02 7.196 5.538
9826 16.2 2371 35.82 4.371 3.360
1387 5.1 9451 40.23 1.594 1.227
2715 382 7213 43.98 10.38 8.074
1462 1715 8415 44.16 4.032 3.162
512 10.4 800.1 331.6 3.024 2.329
1128 15.3 3410 95.98 4.173 3.214
1682 60.1 13215 29.49 10.01 7.709
21 70.2 9898 44.26 10.64 8.202
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the truncation error:
4A—14B-1 A—1B-1
TR DRSS B e |
=0 j=0 =0 =0
Table 3.4 and Table 3.5 give the corresponding values of €. Compared to those

en®®s, the shown €;'"s give some clue to the magnitudes of the truncation errors,

but unlike €;"*s, they cannot bound the truncation errors.

3.4.3 Accuracy of Discrete Heat-Source Model

Let the power density function f(z/,%/,2’) be uniform in the heat source region
[2p1, 2p2]. Then f(a,y,2") and its even expansion f(2',y,7') can be simply writ-
ten as f (2/,y') and f(a:’,y’), respectively. From (2.9), the average inhomogeneous

temperature in the target region [z,1, z,2] at the location (x,y), T* (z,y), is obtained:

. I K vsonl T I\ 5
4 T (o) = =SS 2200t (L L) 6,
(348) (*.9) = 1%y o (2X’2Y> 3% (7, )

where

'1j>
||

/ / (@', y, «, B) dx'dy
: /qu/ (2|2") d7'd=.

According to (3.19a), F (5%, 5%) is actually the Fourier transform of f @, y) at

the frequency point (ﬁ, %)

When f(2',y') is a power density function under the discrete heat-source model,

F (L L) relates to Fj;, given in (3.13), by

2X72Y
(1 ] 4XY | am | ogm
P2, ) =20 sin L sin 22 R,
(2X’2Y) ez oA STy
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According to (3.19b), the Fourier series (3.48) is actually the inverse Fourier trans-

form of F (e, B) multiplied by an infinite-delta sequence:

1 O = - i j
Xy 2 2 Hij(z)5<a_ﬁ’ﬂ_ﬁ>

1=—00 j=—00

(3.49) T (z,y) = F* F(a,ﬂ)ﬁ)

In this dissertation, X denotes multiplication and 8 denotes convolution.

The discrete heat-source model shown in Fig.3.1 is an approximation to the actual
power density distribution of the chip. To preserve the total power of the chip,
the total power inside each cubic cell of the discrete heat-source model needs to
match that of the corresponding region in the chip. In the frequency domain, the
preservation of total power by the discrete heat-source model can be analyzed as

follows:

1. Convolute f (2',y"), the even expansion of the power density function, with a 2-
D window function of dimensions % X % and strength ;}—5. The window function
is denoted by Wx, v ap (2',y") where

(3.50) Waxbe (7', y) o lsRE
. axbe\T,Y =

0, otherwise.

2. Sample the result from Step 1 at the locations (ﬁ + %, % + %) by an infinite-

A
delta sequence 0* (2',y'), which is defined by
Y
5

(3.51) & (2 y) = a:ioo b_ij:ooé (x/ - (a * %) % V- <b ! %>

3. Convolute the result from Step 2 with Wx v (@', y).

The Fourier transform of the window function (3.50) is in the well-known form:

F W (@/,3/)] = abesine (aa) sinc (56)
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where sinc () = sin (7x) /rz. The Fourier transform of 6* (z/,y’), the infinite-delta

sequence in (3.51), is given by

F [5* (93/, y/)] _ e—'z'w(ozX/A—i—BY/B

>y o(v-S-)

a=—00 b=—00

o

—im(a AB B
_ o im(aX/A+BY/B) 2 Z 25(0‘_ _Jy>

1=—00 j=—00

-9 (_m(a “siy,

1=—00 j=—00

Therefore, in the frequency domain, the power density distribution under the dis-
crete heat-source model, denoted by frs (',y'), relates to f (2/,7/), the actual power

density distribution of the chip, by

- o () ()

—>XYZ Z ﬂ‘s(o‘_%’ﬁ_]?)

i=—00 j=—00
(3.52) X gsmc (%) sinc (ﬁ_Y)

— AB A B
where fis (',y') is the even expansion of f;, (2/,y').

According to (3.52), the inhomogeneous temperature distribution computed based
on the discrete heat-source model differs from the actual inhomogeneous temperature
distribution of the chip for the following reasons. First, under-sampling the actual
power density distribution can cause the temperature differences. When f (', y')

is band-limited with o™

and /™ being the respective maximum frequencies, to
ensure that the sampling is sufficient, A and B in the discrete heat-source model

should satisfy
(3.53) A>2a™"X, B > 2[6MY.

If A and B are smaller than 2a™* X and 28™*"Y , the high-frequency components of

f (z',y') can fold around half the sampling frequencies, leading to frequency aliasing.
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Figure 3.10: . . . . .
[lustration of under-sampling (1-D version). F' («) is the Fourier transform of a func-

tion in 1-D space. The figure shows the convolution of F' («) with the Fourier spectrum
of the 1-D version of the infinite-delta sequence (3.51). (a) Under-sampling, and (b)
sufficiently sampling.

Fig.3.10 uses a 1-D example to illustrate the under-sampling issue. The other reason
is that the frequency spectrum F [ Fhs (', y )] in the discrete heat-source model is
the actual frequency spectrum F [f («, y’)} modulated by the sinc functions twice.

In summary, two types of errors exist in LOTAGre. One type of error is the sam-
pling error that occurs when the discrete heat-source model is used to approximate
the actual power density distribution of the chip. The sampling resolution of the
discrete heat-source model should satisfy (3.53), which is the same as that required
by the general sampling theory, albeit here the sampling method is quite different.
The other type of error is the truncation error that occurs when LOTAGre truncates
the fully analytical series solutions to the temperature distribution of the chip into
finite-summation forms. The previous theoretical analysis and experimental results

have demonstrated that the truncation error of LOTAGre is insignificant.



CHAPTER IV

Interconnect Thermal Modeling

4.1 Overview

Temperature impacts on-chip interconnect wires primarily in two ways. First,
temperature affects interconnect timing. With progressive technology scaling, de-
lays continue to increase in propagating signals through on-chip interconnect wires
because of the shrinking interconnect cross-sectional areas and the increasing inter-
connect lengths [60]. To reduce the signal propagation delay of a critical path, buffers
must be appropriately inserted into the related interconnect wires, with the consider-
ation of interconnect RC', RLC, or transmission line effects [6]. Because temperature
affects interconnect conductivity, the delays may be different when propagating sig-
nals through a set of even identically shaped interconnect wires that are at regions
of different temperatures. In order to avoid timing failures, the buffer-insertion stage
must consider temperature gradients within the chip. Similarly, temperature gradi-
ents must also be considered to contain the clock skews when designing an on-chip
clock distribution network that exposes to a large portion of the chip. Precisely
matching the clock network geometry may not ensure the timely delivery of signals
to the clock sinks, because of the underlying temperature gradients [4].

Second, temperature affects interconnect electromigration. Voids or open circuits

(h)
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can occur in a metal wire because of the transport of the metal ions activated by
the electron winds resulting from the flowing current. This electromigration-induced

MTTF for a metal wire is generally depicted by the Black’s equation:
MTTF (T) = AJ 2e?/*T

where J is the current density, ¢ is the activation energy, and A is a technology-
dependent parameter [13]. Accordingly, the MTTF of a metal wire is affected by
both the temperature and the average current density. It reduces exponentially with
increasing temperature: for example, a temperature difference of 9.4°C leads to 30
percent difference in the MTTF of a metal wire for an activation energy of 0.55
eV [58]. To improve the MTTF, the average current density must also meet the
design rules for the interconnect wire. In very deep sub-micron technology nodes,
miniaturizing interconnect cross-sectional dimensions reduces the heat dissipation
areas and increases the thermal impedances from interconnect wires to the heat sink
of the chip. Therefore, manifesting as the power dissipation, the root mean square
current density instead of the average current density determines the lifetime of an
interconnect wire [8].

To alleviate the timing and reliability issues, it is necessary to accurately compute
the temperature distribution within an interconnect wire. In [19| the FD method
was used to analyze the temperatures of power lines. When the power lines were
paralleled by the signal lines, as in Fig.4.1(a), simulation showed that thermal cou-
pling from the signal lines reduced the temperatures of the nearby power lines by
negligible amounts, less than 3% for the typical spacings in an IC. When the power
lines were orthogonal to the signal lines, as in Fig.4.1(b), for a fixed ratio of width
to separation, wy/s, the maximum temperature increased in the power lines with

the increase of s. For multilevel interconnect configuration, simulation manifested



7

(b)

Figure 4.1:
& (a) Parallel and (b) orthogonal interconnect configurations (gray boxes are power lines

and blank boxes are signal lines).

that the nearby metal levels mainly affected the temperature distributions of power
lines. Guided by such simulation results from the FD and FE methods, the temper-
ature distribution of the entire on-chip interconnect network is usually analyzed by
firstly partitioning the interconnect network into individual wire segments and then
determining the temperature distribution of each wire segment separately [19, 23].
Consequently, the Schafft’s model, which originally modeled only the interconnect
electromigration [58|, becomes widely accepted in modeling the temperature distri-
bution of an interconnect wire. For example, the Schafft’s model has been used
to analyze the clock skews induced by the substrate temperature gradients [4]. To
improve the precision, 2-D thermal characterization can be used to determine the
parameters of the 1-D Schafft’s model as well as its variants, namely the Schafft-type
models |12, 58, 33, 4.

The temperature distribution of an interconnect wire is affected by many factors,

including the chip packaging, ambient temperatures, and multiple heat conduction
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Figure 4.2:

1-D interconnect temperature distribution model: (a) 3-D interconnect configuration;
(b) 2-D modeling of heat dissipation in interconnect cross-sectional area; (c¢) 1-D inter-
connect temperature distribution model in longitudinal direction (to be general, assume
two vias are at the two line ends).

paths in the chip. Based on the original Schafft’s model, this chapter introduces an

accurate 1-D interconnect temperature distribution model.

4.2 Interconnect Temperature Distribution Model

As shown in Fig.4.2, this section introduces a 1-D interconnect temperature dis-
tribution model. Similar to the original Schafft’s model, the introduced 1-D tem-
perature distribution model assumes that heat is either vertically dissipated through
the insulation materials around the interconnect or conducted along the interconnect
longitudinal direction [58]. The 1-D temperature distribution model can be estab-
lished in two steps for an interconnect wire embedded in a 3-D structure. First, the
2-D heat conduction equation is solved for the interconnect cross-sectional area to
estimate the thermal impedances between the interconnect wire and its surrounding
materials [see Fig.4.2 (b)]. With the estimated thermal impedances, a formula results

for the amount of heat lost at the wire location y vertically through the surrounding
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insulation materials, denoted by p, (y):

(4.1) P () = T](%y) _ T"’}_;y) B Tl}gy)

where T (y) and 1" (y) are the top and bottom ambient temperatures of the chip
at the location y; R, R, and R are the self thermal impedance of the interconnect,
and the thermal impedances from the interconnect to the top and bottom surfaces of
the chip, respectively. Compared to the p, (y) in (4.1), the vertical heat loss consid-
ered in the traditional Schafft-type models relied upon only one of the two ambient
temperatures, for example, the substrate temperature [58, 4]. Consequently, the tra-
ditional models included only one heat conduction path (downward heat dissipation)
and also excluded the heat transfer rate between the bottom surface of the chip and
the ambient environment, i.e. h.

Furthermore, the traditional Schafft-type models neglected the effect of the tem-
perature gradients in the interconnect wire. Consider the three identical heat con-
duction plates in Fig.4.3. If the three plates have the same temperature distribution
at their boundaries, their interior temperature distributions must also be the same
because they satisfy the same 2-D Laplace’s equation. Therefore, in this case, there
is no heat flow among the three heat conduction plates when they are attached to-
gether. This is exactly an assumption under the traditional Schafft-type models.
However, when the three plates have different temperatures at their boundaries, e.g.,
T, < T, < T, they must have similar interior temperature gradients. That is, at
an interior location, the temperature of the left plate is the lowest and that of the
middle one is the highest. Therefore, when the three heat conduction plates are
attached together, heat flows from the middle one to the left and right ones, and the
total vertical heat loss of the middle one increases. The above example demonstrates

that the interconnect temperature gradients can affect the amount of heat dissipated
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Figure 4.3: Effect of temperature gradients on interconnect vertical heat dissipation.

vertically from the interconnect wire. Without considering such an effect, the tradi-
tional Schafft-type models tended to overestimate the temperature gradients in the
interconnect wire. Therefore, a new vertical heat loss model, denoted by pi (y), is
introduced, which linearly approximates the effect of temperature gradients:

O°T (y)
0y?

9T (y)
0y?

’T (y)

+ B2 07

(4.2) pe(y) =po (y) — B + 35

The coefficients 3, 52 and (B3 are non-negative numbers to be determined experimen-
tally. Based on the formula (4.2), an interconnect temperature distribution model is
introduced below.

Let the interconnect width be w, thickness be ¢, length be L, thermal conductivity
be k, and power density at location y be p (y). Consider one incremental interconnect
segment of length Ay, e.g., the box [y,y + Ay] shown in Fig.4.2(c). The total heat
entering into the box from the left face is given by

Q= —wtkM,
dy



81

and that leaving the box from the right face is given by

d dT
0 —a+ L oW Ay
dy dy

The net heat generated in the box is given by
Pgen = [P (y) — Py (y)] wtAy.
The law of energy conservation implies that
qr — qi = Pgen-

Therefore, the temperature distribution within the interconnect wire satisfies

T (y) T (y)

(4‘3) (k’ + 61) dyQ - R - _f <y)
where
(4.4) fy)=ply) - Tapfy) - Tq]_;y) — B 82?;2@ —F 382;.;@)'

The boundary conditions for (4.3) are specified by

LJTW| T -1
dy y=0 Rl
(45) T OB

where R; (R,) is the thermal impedance from the left (right) end of the line to the
bottom ambient environment. Here assume that heat dissipates from the two ends
of the line to the top ambient environment in negligible amounts, compared to that
which dissipates through the low thermal-impedance vias to the bottom ambient
environment.

In contrast to the traditional Schafft-type models, the introduced 1-D intercon-
nect temperature distribution model considers the ambient temperatures, the ther-

mal impedances of the vias, and the effect of temperature gradients. The following
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Figure 4.4: Equivalent TL circuit for solving interconnect temperature distribution from (4.3).

introduces an O (n) method to solve the interconnect temperature distribution from

(4.3).

4.3 Computation of Interconnect Temperature Distribution

To solve (4.3), this section again employs the transmission line theory to construct
an equivalent TL circuit, which is shown in Fig.4.4. In the shown circuit, the TL
——L_  the TL characteristic impedance Z, = w,

(k+61)R

and kfﬂ f (y) is a distributive current source along the TL. The two ends of the TL

propagation constant v =

are driven by the two voltage sources 7% (0) and T* (L) through the two resistors R,
and R,., respectively.

Based on Fig.4.4, the temperature at the location y, T (y), can be derived:

(4.6) T (y) = k+61/ FW)Zyly') dy' + T (y)

where Z (y|y’) denotes the transfer impedance from the location y’ to the location y

at the TL [69], and

oy H(L—y)T"(0)
77 (y) = = 1+ R/Z,

oy He(y)Te(L)
TW=""rz

Z (yly') = (Rl coshyy + Z.sinh fyy)

[R, coshy (L —y) + Z.sinh~y (L —g)].
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Here

Ry gy coshyy + Z,.sinh vy

- Ry coshyL + Z.sinh yL
Ry + Z.tanh L
cZC + R{r,l} tanh vy L

H{l,r} (y)

Zigy =24

Y, =Z./|Z(R + R,) coshyL + (Z? + R/R,) sinh yL]

min (y,y’)

Y

max (y,9) .

N
Il

In deriving (4.6), the superposition principle has been used.

In general, f (y) is given at discrete locations: f (y1),..., f (Yns1), where 0 = y; <
-+« < Ypy1 = L. Further, f(y) can be approximated by a piecewise-linear function
or a smooth function consisting of n pieces. By using generic numerical integration
methods to evaluate (4.6), T'(y) at each location y;, 0 < i < n+ 1, can be computed
in O (n) time; however, to calculate T (y) at all the locations yi, ..., y,+1 requires
O (n?) computations. To improve the efficiency, an O (n) algorithm is introduced to
compute T (y) at all the discrete locations.

From (4.6), T (y;) is rewritten into the form of
(4.7) T () =T (o) + 0 (1) (L = 92) S} + (1) ST+ T (1)

where

kY.
a{l,r} (y) = l{"—’yﬁl

=3 " r6hat)a

(R{r,l} cosh vy + Z.sinh 'yy)

n+1 Y;
=3 fW) g (L—y)dy
j=it1 v Yi-1

gy (Y') = Ryy coshyy’ + Zsinhyy'.
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Begin Compute-wire-temp
1. let S! =0 and compute S7;

2. Fort=1ton+1
Compute T1* (i), T (yi), cu (L — i) and . (yi);
T( ) Tl (yl)+T“(yz +ar (L —yi) S} + ar (y:) ST
fyzﬂ /) a1 ( )dy :

i1 = fyl+1 (@) g (L—y')dy';
End For

End Compute-wire-temp
Figure 4.5:

Algorithm Compute-wire-temp for evaluating interconnect temperature T (y) at loca-
tions Y1, ..., Yn+t1-

y)glﬁ‘/| }
S

o

T = TG +a -y

—

S o +ar(Yi+1)S+1+Tra(yi+l)
T(yi) =Ta(yi) +alL—y)g 5
+ar(yi)§ + T2(vi) :: +1
\ ! S
Mo (L-y) <
I
I
I
I
I
I
YI Y2 Y3 Vi Vit1 Y1 Yo Ynri 'y

Figure 4.6: Illustration of formula (4.7) for T (y;).
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Fig.4.6 illustrates the terms T (y;), T (yi+1), St, S7, Sy, and S7,;. According
to the figure, 7' (y) can be computed sequentially from the locations y; to y,+1 by
recursively calculating S! and S7. Therefore, the temperatures at all the discrete
locations can be computed by an O (n) algorithm named Compute-wire-temp, which
is shown in Fig.4.5. The values of fyij_l f () a (y)dy and fyi-];l f ) g-(L—yvy)dy
are usually given by analytical formulas, especially when f (y) is a piecewise-linear

function.

4.4 Experimental Results

4.4.1 Accuracy of Interconnect Temperature Distribution Model

The experiments used an interconnect array. The interconnect temperature dis-
tribution was obtained from both FLUENT 3-D simulation and the 1-D intercon-
nect temperature distribution model combined with FLUENT 2-D characterization.
Fig.4.7(a) shows the interconnect array, where each line is of length L = 100 pm,
width w = 1 pum, thermal conductivity k& = 144 W/(m K), resistivity p = 5.05 x
107% Q-cm, current density J = 2 MA /cm?, and power density p = 2.02 x 10"
W /m3. Two types of dielectric materials were used: SiO,, with a thermal conduc-
tivity of 1.2 W/(m K), and polymer, with a thermal conductivity of 0.3 W/(m K).
The parameters were chosen to be consistent with those in [19, 23]. Different line
separations and inter-level dielectric (ILD) thickness were experimented.

FLUENT simulation was used to characterize the thermal properties of the cross-
sectional area of the interconnect array. In the array, the thermal conductance (1/R)
from the boundary of the cross-sectional area of a metal line to the substrate was
obtained by measuring the total heat flux out of the substrate when a 1 °C tem-
perature was applied to the boundary, as shown in Fig.4.7(b). With the thermal

conductance, algorithm Compute-wire-temp was used to compute the temperature
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(@) (b)
Figure 4.7: Interconnect array.
distribution of the central metal line.

Fig.4.8 compares algorithm Compute-wire-temp and FLUENT, with parameters
given by s = 0.3 ym and h =t = 0.8 um (corresponding to the 0.1 um technology
node). The thermal conductance obtained from 2-D characterization was 3.55 x 102
W/(K m?) when the ILD was SiO5 and 8.875 x 10" W/(K m?) when the ILD was
polymer. The maximum temperature of the line increased from 5.685 °C to 21.863
°C when the ILD was changed from SiOs to polymer. To observe the effect of the
ILD thickness, h was increased from 0.8 pm to 1.6 um. Fig. 4.9 shows the results.
The thermal conductance obtained from 2-D characterization was 1.824 x 1012 W /(K
m?) when the ILD was SiO and 4.562 x 10" W /(K m?®) when the ILD was polymer.
The maximum temperature increased from 10.99 °C to 38.989 °C when the ILD was
changed from SiO; to polymer. Table 4.1 further compares the results when the line

width w =1 pm and separation s = 0.5 pm.

4.4.2 Effect of Temperature Gradients

Next, different [3; factors were tested to observe the effect of temperature gradi-

ents. Fig.4.10 shows the results for the case that s = 0.5 um, w =1 pm, h = 1.6 um
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Figure 4.8:

Comparison between 1-D interconnect temperature distribution model and FLUENT
3-D simulation: s = 0.3 yum and h =¢ = 0.8 um.
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(a) Compute-wire-temp versus FLUENT. (b) Errors for y from 2 to 98 pm.
Figure 4.9: . . o
Comparison between 1-D interconnect temperature distribution model and FLUENT
3-D simulation: s = 0.3 um, h = 1.6 pum and ¢t = 0.8 um.
h (um) 0.8 1.6
kig (W/m K) 0.3 1.2 0.3 1.2
1/R (x10"T W/K m?) || 6.709 | 26.840 | 3.433 | 13.730
Max. Temp. (°C) 28.126 | 7.510 | 48.672 | 14.486
Max. Error (°C) 0.034 | 0.030 | 0.097 | 0.070
Table 4.1:

Comparison between 1-D interconnect temperature distribution model and FLUENT
3-D simulation: s = 0.5 um and w = 1 ym.
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Figure 4.10:
& Effect of temperature gradients: accuracy of 1-D interconnect temperature distribution

model versus (. Parameters: s = 0.5 um, w = 1.0 um, h = 1.6 pm and ¢t = 0.8 pym.

B1 0 0.2 0.4 0.8 14
Max. Error (°C) | 0.097 | 0.079 | 0.061 | 0.027 | 0.031

Table 4.2:
Effect of temperature gradients: accuracy of 1-D interconnect temperature distribution

model versus .

and kjq = 0.3 W/(m K), ie., the case in the fourth column of Table 4.1. The
maximum absolute temperature errors are listed in Table 4.2.

Note that slightly increasing the value of f3; reduced by as large as 70% the
maximum absolute temperature error, which was however much smaller than the
actual temperature. The experimental results have demonstrated that the accuracy
of the introduced interconnect temperature distribution model can be comparable to
that of FLUENT, and that temperature gradients within an interconnect wire can
be overestimated if their own effect is neglected.

In summary, 3-D simulation by the FD and FE methods should be the most
accurate in analyzing the interconnect temperature distribution. However, to im-
prove computational time, 1-D interconnect temperature distribution models have
been proposed in the literature with the combination of 2-D thermal characteriza-

tion. Such models are reasonably accurate and lead to figures of merit for planning
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on-chip interconnect wires, for example, designing global interconnects and rout-
ing clock trees. In this chapter, an accurate Schafft-type interconnect temperature
distribution model is presented, which considers the ambient temperatures and the
effect of temperature gradients. Finally, an O (n) algorithm is introduced to solve

the interconnect temperature distribution from the presented model.



CHAPTER V

Thermal Optimization in Cell Placement

5.1 Overview

In the top-down IC physical design flow, the cell placement stage is focused on
reducing the total length of the interconnect wires and the overall area of the chip,
as well as meeting the circuit timing requirements. The cell placement stage may
lead to high temperatures, large temperature gradients, and numerous hot spots
inside the chip if thermal optimization is not considered. High chip temperature
aggravates interconnect electromigration and thus compromises the reliability of the
chip. Meanwhile, large temperature gradients within the chip can cause logic faults
because of the induced spatial variation of the interconnect and gate timing across
the chip. In the literature, many cell placement algorithms have been proposed.
However, a large portion of them have neglected the thermal issue or inadequately
addressed it in lieu of the current chip thermal management criteria. To alleviate
the chip thermal issue, this chapter introduces an optimal power budget model and
discusses the integration of the model into the widely distributed Capo cell placement
tool. First, this chapter reviews several representative cell placement algorithms
that have the capability of thermal optimization: the matrix-synthesis approach, the

simulated-annealing-based approach, the force-directed approach, and the partition-

90
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driven approach.

5.1.1 Matrix-Synthesis Approach

A matrix-synthesis problem can be described as follows: Given mn real numbers
o, X1y -+, Tum_1, formulate a matrix M,,y, with these numbers such that the max-
imal sub-matrix sum of M, denoted by u; (M) , is minimized. Notations are given

below:

e S, (M), the set of all ¢t x ¢t sub-matrices in M.
e 0 (A), the sum of all elements in an arbitrary matrix A.

e 1y (M) , defined by

M) = A).
pe (M) Ag%)ff()

In [25], a cell placement problem is transformed into a matrix synthesis problem.
Assume that the cell placement problem requires m x n cells to be placed into m x n
slots in the chip. Let the cell powers be denoted by zg,x1,...,Tnm_1. Apparently,
a solution to the matrix synthesis problem corresponds to a thermally optimized
placement of the cells. As the matrix-synthesis problem is NP-complete, in [25]
three approximation algorithms were given with proved bounds. The idea behind
the approximation algorithms is to assign high-power cells into remotely located
regions of the chip. The first approximation algorithm, called Al in [25], is reviewed
below.

Let m = n = tq, and divide the chip into ¢ X ¢ blocks, with each block containing
t x t slots. Without loss of generality, the mn real numbers xg, z1, ..., Zpn_1, which
represent the cell powers, are in non-increasing order: o > 1 > -+ > Tpm—1. Lhe

location of each slot is specified by a tuple (7, 7) with 0 < 4,7 <n — 1. Then for any
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Figure 5.1: Labeling mechanism in matrix-synthesis approach: m =n =4 and t = 2.

slot at the location (i, 7), a label Ly, is assigned such that

i=|k/t] (modt)

j=(kmodt) (mod t)

where 0 < k < t? — 1. Fig.5.1 illustrates the labeling mechanism for t = 2.
Algorithm Al divides the mn real numbers into t? equisized groups in the nat-
ural order. For example, the first group named Gj contains the first ¢> num-
bers %o, 21, ... %421, and the last group named G2_; contains the last ¢* numbers
Trn—q2> Tmn—q?+15 - - - Tmn—1. Lhen the algorithm randomly assigns all the numbers
in the same group, e.g., G, to the slots that have the same label L; only. Con-
sequently, the algorithm scatters the high-power cells across the chip rather than
aggregate them at nearby locations to form hot spots. Algorithm A; was shown to

have the maximal sub-matrix sum, denoted by pu; (A1), bounded by
pie (A1) < 2p, (OPT)

where p; (OPT) is the optimal solution. Therefore, the maximal sub-matrix sum

of the placement produced by algorithm A1 is no more than two times that of the
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optimal placement.

Besides thermal, the matrix synthesis approach can meanwhile optimize both the
total wire length and the overall chip area. Although aimed to distribute the cell
powers evenly, the matrix-synthesis approach may not lead to an optimized temper-
ature distribution because it does not consider the thermal boundary conditions for

the chip.

5.1.2 Simulated-Annealing-Based Approach
Simulated-Annealing Algorithm

The simulated-annealing algorithm solves a combinatorial optimization problem
by simulating the annealing process of finding ground states of matter under the
control of a temperature schedule [42]. Mathematically, the simulated-annealing
algorithm performs the Metropolis-Hastings method with the use of the Boltzmann

distribution pg (e€):
g (6) e—€¢/KT
A

pe(€) =

where ¢ (€) denotes the degeneracy of energy €, or the number of states for particles
with energy €, and Z is the partition function or the normalization factor.

The Metropolis-Hastings method produces samples to meet a given probability

distribution p (€) based on the Markov chain. Given a sampled value of € at the time

step t, denoted by €, the method decides the next sampled value of €, denoted by

€D by first proposing a new value € and then examining the ratio o = IR
o > 1, the method sets €t to be 2/; Otherwise, it sets e**1) to be 2/ with only

probability a. In summary,

¢ a>1ora>random(0,1)
[+

¢®  otherwise
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where random(0, 1) returns a uniformly distributed random number between 0 and
1. Tterating the process, the method produces sampled values of € that converge
to the stationary distribution of the underlying Markov chain, p(€). Therefore,
when the Metropolis-Hastings method iterates with the Boltzmann distribution, the
occurrence of small values of € in the resulting stochastic process will dominate that
of the larger values of € at an exponential rate.

The simulated-annealing algorithm performs the Metropolis-Hastings method un-
der a controlled temperature, the parameter T in pg (¢). Take a minimization prob-
lem, for example. The simulated-annealing algorithm allows the parameter values
to increase the cost function. However, the chance of allowing such parameter val-
ues becomes smaller with the decrease of the temperature. By the uphill-climbing
of the cost function, the algorithm escapes the local minimum, and by a controlled
temperature schedule, it avoids enumerating the entire parameter space in the pro-
cess of minimizing the cost function. The algorithm can reach the global optimum
with probability approaching 1 with the extending of the temperature schedule [53].
Fig.5.2 shows the pseudo-code, which comprises two loops. The inner loop runs the
Metropolis-Hastings method to reach the stationary distribution at the set tempera-
ture. With the temperature gradually reduced, the outer loop expedites the process

to find the global optimum.

Simulated-Annealing-Based Approach for Cell Placement

To apply the simulated-annealing algorithm in cell placement, the inner-loop con-
dition, the outer-loop condition, the next temperature scheduled function and
the generate next configuration function need to be specified. The inner-loop

condition can force the algorithm to exit from the inner loop if many placements
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T = initial _temperature_scheduled () ;
t=0;
X =initial _con figuration ();
while algorithm stopping criterion not satisfied
while stopping criterion at 7 not satisfied
X = generate_next_con figuration (X(t)) R
¢ = cost_of _configuration (X);
if ¢ <e® or exp[— (¢ —€®) /kT]| > random (0,1)
then
X(t+1) =X;
(D) — ¢/
if € < bestSeenValue then
bestSeenValue = ¢’;
bestConfiguration = X;

end if;
else
X+ = x (),
et+1) — E(t);
end if;
t=t+1;

end while;
T = next_temperature_scheduled (T);
end while.

Figure 5.2: Pseudo code of simulated-annealing algorithm.

attempted have been rejected or the maximal number of iterations has been reached.
The outer-loop condition can terminate the algorithm if it has not improved the
placement at several consecutive temperatures. The next temperature scheduled

function is often in the form of

Tnew =« (Told) Told

where 0 < a < 1 [42, 59]. Accordingly, the new temperature scheduled, T}, re-
duces exponentially. The generate next configuration function generates a new
placement based mainly on two mechanisms: one is to swap the locations of two
cells, and the other is to move one cell from its current location to a new location.
In the TimberWolf placement and routing package, an exchange class mechanism is
used to exchange only cells in the same class, and the movement of a cell is confined

to a rectangular window which shrinks with the decrease of the temperature [59].
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Because exchanging cells may cause overlaps, the placement cost includes also the
cost of cell overlaps in addition to the total half-perimeter wire length (HPWL) of
all the nets.

To optimize the temperature distribution of the chip, a cost similar to the cost
of cell overlaps can be added to the placement cost. The cell placement approach
in [65] specifies a power budget for the chip. Then in the cell placement stage, if a
generated placement violates the power budget, the placement will be either rejected
or assigned a large placement cost. To specify the power budget, first the average

temperature of the chip is obtained from an empirical model:
Taverge = Lambient T Ptotal : Rth

where Toverages Tambpients Protal, and R™ are the average temperature, the ambient
temperature, the total power dissipation, and the equivalent thermal resistance of
the chip, respectively [65]. Then for each region of the chip, a temperature slack is
added to Typerage to form an envelop temperature for that region. With the thermal
transfer matrix, an envelop power for each region, called the power budget of the

region, can be computed from the envelop temperatures.

5.1.3 Forced-Directed Approach

The force-directed approach originated from an analogy to Hook’s law on elastic
materials [52]. Let the cost of connection between two cells numbered i and j at
locations p; = (z;,v;) and p; = (xj,y;) be approximated by the squared Euclid

distance:
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where ¢;; is a weighting factor. To minimize the total connection cost, the optimal

location of cell  must satisfy

n
> cij(zi—a;) =0
j=1
(5.1) > eilyi—y) =0
where n is the number of cells directly connecting to cell 7. The above optimal
conditions resemble Hook’s law. Treat the connection between two cells as a spring
so that the longer the spring is stretched, the stronger the tension between the two
cells. Hence, in the optimal placement, each cell should receive a zero total force;
otherwise, a nonzero force will displace the cell to a different location.
With only the attractive forces, the cells will be squeezed together. To reduce

the cell overlaps, a repulsive force is introduced between any two cells. Let D (z,y)

denote the density of the cells at the location (z,y):

D (x,y) = Z a; (T, Y) — Qavg

where a; (z,y) = 1 if cell i covers location (z,y); otherwise, a; (z,y) = 0. Gqug
is the average density of the cells in the chip: a.my = % [30, 45]. If
D (z,y) > vy, D (z,y) is positive and it behaves like a positive charge density. On
the other hand, if D (z,y) < aauy, D (z,y) is negative and it behaves like a negative
charge density. When a cell is placed at a location with a large density of cells, the

cell resembles a positive charge at a location of large positive charge density, and it

receives a large repulsive force. The repulsive force, denoted by f;, is governed by

—

Vfr:kD(xvy)

With the free-space Green’s function [30, 40], f: is represented in the form of

=17
/ny 7o de
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generate_initial _placement () ;

while placement is improving
calculate Jdue to fixed cells;
calculate ﬁ due to cell overlaps or other constraints;
update cell locations based on (5.2);

end while;

post-processing to legalize the placement.

Figure 5.3: Pseudo code for the forced-directed approach.

In matrix form, the placement cost is given by

where p' is the vector of cell positions. Apparently, the first term is contributed by
the connections between two movable cells, the second term is contributed by the
connections between one movable cell and another fixed cell, and the last term is
contributed by the connections between two fixed cells. Combining the repulsive

force f,, the optimal conditions in (5.1) are modified to be
(5.2) Cp = ad + Gf,

where a and 3 are weighting factors to balance the attractive forces and the repulsive
forces. Fig.5.3 gives the pseudo code for the forced-directed approach.

To optimize the temperature distribution, the forced-directed approach in [32]
introduces thermal forces. At a given location, in addition to the attractive and
repulsive forces, a cell also receives a thermal force, denoted by ﬁherm, which is the
negative temperature gradient at the location. Then the optimal location of each

cell satisfies
Cﬁ: OéCZ—F ﬁf: + Vﬁherm

where «, 3, and v are coefficients to balance the attractive forces, the repulsive forces,

and the thermal forces.
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5.1.4 Partition-Driven Approach
Hyper-graph Partition

A hyper-graph is a special graph such that an edge in the graph may connect to
more than two vertices. The number of vertices connected to an edge is called the
degree of the edge. Partitioning a hyper-graph is to divide the vertices into different
parts. Mathematically, a hyper-graph G = (V, ) is defined by the set of vertices,
V, and the set of edges, £&. Each v € V has a size named s,. Each edge ¢ € £
is a set of vertices in V and has a cost named c.. The cost of edge € can also be
denoted by c,,, where x,y € e. A partition II of the graph is defined by a collection
of subsets I = {IIy, - - II;,} such that II; N II; = () for any i # j and U ,II; = V.
Each subset corresponds to one part of the partition. The quality of partition II is
measured by the cost of the cut-set Cr;. An edge is said to be in the cut-set Cfy if its
vertices are assigned to more than one part. The cut-set cost can be defined by the
number of edges or the weighted sum of the costs of the edges in C;. The objective
of hyper-graph partition is to assign all v € V to different parts such that the cost
of Cpr is minimized. Hyper-graph partition may be subject to additional constraints
such as balancing the number of vertices in each part.

One special hyper-graph partition problem is the bisection problem, in which a
hyper-graph of 2n vertices is to be optimally divided into two parts of equal size
such that the cut-set cost is minimized. Normally, a k-way hyper-graph partition
problem, in which the vertices are to be assigned to k parts, is transformed into
a series of bisection problems. The hyper-graph bisection problem is NP-complete.

Two well-known heuristic approaches for the bisection problem are reviewed below.



100

Kernighan-Lin Algorithm

The Kernighan-Lin algorithm is an exchange-based bisection algorithm [44, 56].
Consider a bi-partition of two parts A and B. For a vertex a € A, the external cost
of a, denoted by FE,, is the total cost of edges that connect a to vertices in the other

part B:

E, = Z Ca-

The internal cost of a, denoted by [, is the total cost of edges that connect a to

vertices in the same part A:

1, = Z Coz-

Moving a from A to B reduces the cut-set cost by D,:
D,=FE,— 1,.

Similarly, moving a vertex b € B from B to A reduces the cut-set cost by D;,. Then

the gain from interchanging a and b, denoted by g., is given by
Gab = Da + Db - 2Cab~

That is, interchanging a and b reduces the cut-set cost by gup.

At each step, the KL algorithm interchanges one pair of vertices that have the
maximum gain, locks them, and then updates the gains of the other pairs of vertices
affected. The algorithm repeats the previous step until all the vertices are locked.
Denote the two vertices interchanged in the i-th step by a; and b;, respectively, and
the gain by g;. Because g; may be negative, the algorithm makes permanent only the
first k interchanges such that Zle g; maximizes » ., g;. This constitutes a single

pass of the K L algorithm. After one pass, all the vertices are unlocked and the next
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pass begins. The algorithm stops if the present pass has not improved the cut-set
cost.

Because in the i-th step, the KL algorithm needs to choose the pair with the
maximum gain from the (n —i)® pairs, the time complexity of one pass is O (n?).
To reduce the run-time, sort D,, for every vertex azx in A and Dy, for every vertex
by in B such that

DalZDa2Z"'Dan

and

Dy1 > Dy > -+ - Dy,

Then examine D,’s and Dy’s in the sorted order until a pair D,; and Dy; is encoun-
tered such that Dg; + Dy; is less than the present maximal gain. Then all the pairs
after D,; and Dy; can be discarded because their gains must not exceed the present
maximal gain. Using the above sort procedure reduces the time complexity of the

KL algorithm to O (pn?1gn), where p is the total number of passes.

Fiduccia-Mattheyses Algorithm

The Fiduccia-Mattheyses algorithm is a move-based bisection algorithm [31, 56].
Consider a bi-partition of two parts A and B. Given a vertex i, let F' (i) be the From
part, i.e., the part currently containing vertex i, and let T (i) be the To part, i.e.,
the part whereto vertex ¢ can be moved. Given an edge ¢, let F' (¢) be the number of
vertices in the From part that e connects to, and let T (¢) be the number of vertices
in the To part that e connects to. Then the gain from moving vertex i from F (i) to
T (1), denoted by ¢ (7), is given by

g (i) = Z Ce01,F(e) — Z Ce00,7(¢)

{e€llice} {ecllice}
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where 0; ; denotes the Kronecker delta such that

1, 2=y
x’y
0, otherwise.

In other words, moving vertex ¢ from its present part to the other part reduces the
cut-set cost by g (7).

To maintain the sizes of A and B, the F'M algorithm imposes a balance criterion

(5.3) r X st—max{sU,UEV} < ZSU <7 X st+max{sv,v eV}

veY vEA veY

where r is the balance ratio, e.g., 0.5 for a balanced bisection. Define the base vertex
as a vertex that has the maximal gain and is free to move without violating the
balance criterion. At each step, the F'M algorithm moves the base vertex from its
From part to its T'o part, locks the vertex, and then updates the gains of the other
vertices affected. The algorithm repeats the previous step until no base vertices exist.
The procedure constitutes one pass of the F'M algorithm. Denote the gain at the
i-th steps by g;. At the end of one pass, the F'M algorithm makes permanent the
moves at the first & steps such that Zf;l g; is the maximal. Then the algorithm
unlocks all the vertices and begins the next pass if the latest pass has improved the
cut-set cost.

After moving one vertex, say v, the F'M algorithm applies the procedure in Fig.5.4
to update the gains of the other free vertices efficiently. Using a bucket data structure,
the F'M algorithm runs approximately in linear time with respect to the number of

vertices.

5.1.5 Thermal Optimization in Partition-Driven Approach

The partition-driven approach recursively divides the chip into smaller bins until

the bins become small enough to be handled by an end-case placer |54, 37|. Given
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update_gains (v)
begin
F=F@),T=T(v);
for each edge € on vertex v
begin
if F(e) =1 then
decrease the gains of the other free
vertices on € by c¢;
else if F (e) =2 then
increase the gain of the other free
vertex in F by c;
end if;
if T(e)=1
decrease the gain of the only free
vertex in T by c¢;
else if T (e)=0
increase the gains of the other free
vertices on € by c¢;

end if;
F(e)=F(e)—1,T(e) =T (e) +1;
end for;
end
Figure 5.4:

Procedure to update gains of free vertices in Fiduccia-Mattheyses algorithm after
moving base vertex v.

a bin and the set of cells contained, the partition-driven approach first determines
the location of the cut-line to divide the given bin into two halves, called the child
bins. Then the approach uses the F'M algorithm to assign the cells to the two child
bins, with the cost of the connections across the two child bins minimized. Then
the approach repeats the previous procedure on each of the two child bins until the
produced bins become small enough so that the exact locations of the contained cells
can be determined trivially. The approach is shown in Fig.5.5.

The cut-line to divide a given bin runs either horizontally or vertically, depending
on the placement style and the shape of the given bin. To formulate the bisection
problem, in the hyper-graph, one vertex represents a free cell, the vertex size repre-
sents the area of the cell, and an edge represents a net. The edge cost is given by the

HPWL calculated when the vertices on the edge are assumed to be at the centers
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En-queue the top-level bin that contains the whole chip;
while the queue is not empty
de-queue a bin;
if the bin is small enough then
runs the end-case placer;
else
determine the cut-line location;
form a bisection problem;
run the F'M algorithm to partition the bin
into two child bins;
en-queue the two child bins;
end if;
end while.

Figure 5.5: Partition-based approach

of the two child bins. The balance criterion in the F'M algorithm avoids overlaps
between cells and also maintains the white-space ratio. Using the linear-time com-
plexity F'M algorithm, the partition-driven approach can place multiple million cells
efficiently, compared to the simulated-annealing-based approach.

The partition-driven approach in [20] considers thermal optimization. First, the
approach runs thermal simulation for a few random placements and determines the
temperature budget, denoted by Tjyqget, for each region of the chip based on the
maximal and minimal temperatures in the random placements. Then the approach
modifies the F'M algorithm such that a base vertex must not only satisfy the area
balance criterion (5.3) but also ensure the resultant chip temperature distribution to

be within Tbudget-

5.2 Optimal Power Budget Model for Cell Placement

This section describes an optimal power budget model that determines the best
allocation of cell powers to different regions of the chip so that the resultant tem-
perature distribution most closely approximates the target temperature distribution.

Based on the optimal power budget model, this section introduces a top-level ther-
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mal optimizer and a front-level thermal optimizer that use LOTAGre to solve the
optimal power budget for use in the partition-driven approach. Particularly, this
section presents the integration of the optimal power budget model with the Capo
placement tool, a sophisticated partition-driven placement tool, to perform chip-level

thermal optimization.

5.2.1 Optimal Power Budget Model

First, introduce the optimal power budget model. In the partition-driven ap-
proach, the recursive bin-splitting procedure forms a binary tree of bins called the
partition tree. In the tree, each bin is a geometrical union of its two child bins. Par-
ticularly, the bin at the root of the tree represents the entire chip layout. Define the
level of one bin as the distance of the bin from the root of the tree. Assume not con-
sidering the variations of cell powers in the routing stage. Then, under a fixed total
chip power, there exists an optimal allocation of powers (or optimal power budget)
for the bins of the same level so that the resultant temperature distribution of the
chip is optimal. Hence, if the partition algorithm closely complies with the optimal
power budget when splitting bins of the same level, the generated placement should
not contain a significant number of hot-spots.

The optimal power budget model plans the total power of each bin of the same
level, with the given total powers of all the parent bins of one level above, to improve
the temperature distribution of the chip the most effectively. To establish the optimal
power budget model, the chip layout is meshed by the discrete heat-source model so
that each bin contains a set of mesh grids in a rectangular region. Next, the grids
in the same bin are organized into several clusters, with each cluster comprising one
or more grids. Several notations are given below: Denote the bins of the same level

by Bi, Bs, ... By; for each bin B;, denote the clusters contained by Cji, Cio, ... Ci;
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for each cluster C;, denote its area by a;; and its total power by x;;. Finally, denote

the total power of bin B; by p;, where

k
j=1

Then reformulate (5.4) into an implicit condition:

k
(5-5) Ti1 = Pi — Z Ti2.
=2

Let all the z;;s such that ¢ > 1 form a vector x, named the power vector. Then the

chip temperature distribution can be given by
(5.6) RMz +c

where R is the thermal transfer matrix for the chip, and M is a mapping matrix such
that if cluster Cj; has a total power z;;, the matrix-vector product Mz contributes a
negative power —z;; to cluster Cj;. The mapping matrix is shown in (5.7), where the

first row and the first column of the matrix are labels for the clarity of presentation.
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In the mapping matrix (5.7), the rows with the same label (e.g., Cx) account for
the grids in the same cluster. Sub-matrix £ contains the rows numbered from Cis to
Chw. Sub-matrix C' contains the rows numbered from C;; to C,;. The zero matrix
indicates that the power vector  has no impact on the related grids. Therefore,
Mz produces a power map such that each cluster Cj; has a total power z;; and each
grid in the cluster has a power density w;;/a;;. For the first cluster Cj; of each bin
B;, the matrix-vector product Mz contributes a power density of —% Z?:z ZTir tO
each grid contained, and the power constraint (5.5) induces an additional fixed power
density p;/a;; to the grid. Accordingly, the constant vector ¢ denotes the temperature
distribution incurred by the fixed power densities at the first clusters of all the bins
and the fixed cells in the chip.

Let scalar 7 denote the target average temperature for the chip and 7e denote the
target temperature distribution for the chip, with e being the normalized temperature

distribution. Then the optimal power budget model is given in the least-square form:
(5.8) min |[RMz + ¢ — 7el|* .

The objective of the least-square form is to find the optimal power vector x such
that the resulting temperature distribution most closely approximates the target
temperature distribution 7e. The least-square form (5.8) requires that the optimal

power vector, denoted by x*, satisfy
(5.9) (RM)" RMz* = (RM)" (e —¢).

If 7 is also one parameter to be optimized, the optimal 7, denoted by 7*, which

minimizes (5.8), must satisfy

(5.10) " = (RMz*+¢).
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Figure 5.6: Calculating optimal power budget by summation of optimal powers of grids.

The optimal power budget for the bins of the same level can be determined from
the optimal power vector z* solved for the parent bins of one level above. As shown
in Fig.5.6, the optimal power vector x* determines the power of each grid in the
layout. Therefore, the summation of the powers of all the grids contained by a bin
gives the optimal power budget for the bin.

Because of its high efficiency, LOTAGre is used to solve the optimal power vector

«* from (5.9) and (5.10). In LOTAGre, the thermal transfer matrix R is given by
(5.11) R=D"'GD

where D is the DCT matrix, D! is the IDCT matrix, and G is a diagonal matrix
of the Green’s function values. The DCT matrix has the property that D~! = DT,
which can be verified by the MATLAB formulas [1]: the DCT coefficient, denoted

as B, is given by

g
z

~1N-1
T(2m+1)p w(2n+1)q
B, = , 2 g Ay COS i Cos 9N

Il
o

3
I

and the IDCT coefficient, denoted as A,,,, is given by

=
=

~1N-1
T(2m+1)p 7@2n+1)q
Apn = Qg By cos i Ccos 5N .

3
I
o

Q
Il
o
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Then apply the thermal transfer matrix (5.11) to reformulate (5.9) and (5.10) to

MTD'G*DMz* = (RM)" (t7e — ¢)
eT
e

Generally, a constant temperature is the desired target temperature distribution for
the chip because it does not produce hot spots. Therefore, e is assumed to be a

vector of ones, and then the right-hand sides of (5.12) can be simplified to

(RM) ¢ = M"D'\GDD*GDp = MTD~'G?*Dp

(5.13) (RM) e = M'D'GDe =0

where p is the vector of fixed powers.

5.2.2 Top-Level Thermal Optimizer

The optimal power vector z* can be solved from (5.12) by an iterative linear solver.
At the top few levels of the partition tree, the numbers of the bins of the same level
are relatively small, and for these levels, a top-level thermal optimizer solves * from
(5.12). The top-level thermal optimizer uses a clustering mechanism that requires
each cluster in a bin to contain only a single grid. The clustering mechanism leads
to the highest resolution because the power of each grid in the same bin can differ
from those of the other grids. In contrast, if a cluster contains more than one grid,
all the grids in the cluster must have the same power, i.e., the average power of the
cluster. Moreover, the top-level thermal optimizer requires the bins of the same level
to form a partition of the entire chip layout. This requirement is often satisfied for
about the top 10 levels of the partition tree. Using the high-resolution clustering

mechanism, the top-level thermal optimizer reduces the mapping matrix M to the
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following form:

$12 ... l’lu DY an DY 'TTZ'U

Chu 1

(5.14) M=1c, 1 =

o o

where [ is the identity matrix. Directly solving z* from (5.12) with an iterative
linear solver is computationally expensive because the optimal power vector x* may
contain close to one million or even millions of unknowns. Therefore, the top-level
thermal optimizer solves z* from (5.12) in an alternative way.

Define a vector y such that

Yu
(5.15) y = = D 'G*DMz*

Yi

where y; is an n x 1 vector, called the guess vector. From (5.12), (5.13) and (5.14),
My =y, +C"y = — (RM)" c.
Hence, the vector y, can be represented in terms of the guess vector y;:

(5.16) yu = — (RM)" ¢ — CTy,.
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From (5.15) and (5.14),
Mz* = D7'G™2Dy
and
I Zu
(5.17) v =D'G Dy =
C Z]

where z; is a newly defined n x 1 vector.

From (5.17), an n x 1 residue vector r is defined such that
(5.18) r=Cz, — 2z

i.e., r is the residue for (5.17) incurred by the guess vector y,. The goal is to find
the right guess vector y; such that the residue r computed based on (5.15), (5.17)
and (5.18) is zero. Clearly, at this stage an iterative linear solver can be employed
to find the right guess vector y; and then derive the optimal power vector x*.

The residue vector r is linearly related to the guess vector y;:
r=Ay —b

where A is a matrix and b is a constant vector. Apparently, the vector b can be
obtained by negating the residue vector r for a zero guess vector y;: b = Ayl|yl:0—r =

—r. The matrix-vector product Ay, for a given guess vector y; can be obtained from
Ayl =17r+ b.

Note that the residue r can always be computed from (5.16), (5.17) and (5.18). With
the known vector b and the procedure to obtain the matrix-vector product Ay, the
generalized minimal residue (GMRES) method is utilized to solve the implicit linear

equation
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1. Assign a zero vector to Yy and compute the residue r.
Then let the right hand side vector b of linear
equations (5.19) be

b= —r.

2. Apply the GMRES method to solve (5.19), where the
matrix-vector product Ay; for a given guess vector
Yy; is computed below:

2a. Compute
yu = —MTD1G?Dp — CTy,

2b. Apply LOTAGre to compute the vector z:

z= { Fu ] =D 'G2Dy
2

2c. Compute the residue vector r by
r==Cz, — 2

2d. Compute the matrix-vector product Ay; by
Ay =r—+b

3. The optimal power vector z* is substituted by the z,
vector at the last iteration of the GMRES method.

Figure 5.7: Top-level thermal optimizer for computing optimal power budget.

Once the GMRES method solves the guess vector y; from (5.19), the optimal power
vector x* can be substituted by the vector z, . The above steps to solve (5.12)
constitute the top-level thermal optimizer, which is shown in Fig.5.7. Note that the
number of unknowns to be solved by the GMRES method equals the number of bins,

i.e., n, which is in the order of hundreds to thousands.

5.2.3 Front-Level Thermal Optimizer

As the recursive bin-splitting procedure continues, the height of the partition tree
increases and the partition tree may become incomplete — some bins at the same
level of the partition tree have no child bins. The underlying reason is that some
bins are sufficiently small so that an end-case placer can directly handle the bins

without further splitting. Although the top-level thermal optimizer uses a clustering
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mechanism that provides the highest resolution, the optimizer requires the bins of
the same level to form a partition of the entire chip layout. When the partition tree
starts to become incomplete, the bins at the lowest level (also called the front level)
no longer form a partition of the layout. Therefore, this case is particularly handled
by a front-level thermal optimizer that directly solves the optimal power vector z*
from (5.12). Like the top-level thermal optimizer, the front-level thermal optimizer
starts with a guess vector, which is actually z*, and iteratively improves the accuracy
of z*, however, by the conjugate gradient (CG) method.

Unlike the top-level thermal optimizer, which solves a linear system of size equal
to the number of bins, the front-level thermal optimizer solves a linear system of size
equal to the number of clusters. In order to improve the efficiency of the CG method,
the front-level thermal optimizer reduces the number of clusters for the bins at the
lowest level. Unlike the top-lever thermal optimizer, the front-level thermal optimizer
deals with small bins that may contain only several grids. Furthermore, the cut-line
to divide a bin is normally very close to the center of the bin. Hence, the front-level
thermal optimizer constructs at most nine clusters for a bin by the intersection of at
most four straight lines, as illustrated in Fig.5.8. In the figure, because the bin spans
an odd number of grids horizontally, it is divided by two vertical lines separated by
one grid. Similarly, because the bin spans an even number of grids vertically, it is
evenly divided by a single horizontal line. As a result, a total of six clusters are
constructed for the shown bin. By using this clustering mechanism, the front-level
thermal optimizer solves a linear system that has a number of unknowns at most

nine times the number of bins. Fig.5.9 shows the front-level thermal optimizer.
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Figure 5.8: Clustering mechanism in front-level thermal optimizer.

1. Construct the clusters for each bin;

. Compute MTD 'G?Dp as the right hand side vector;

3. Solve (5.12) by the conjugate gradient method, with z*
as the unknown vector. The matrix-vector product is
computed by

[\

MTD'G?’DMz*.

Figure 5.9: Front-level thermal optimizer for computing optimal power budget.

5.2.4 Computation in Top-Level and Front-Level Thermal Optimizers

The top-level thermal optimizer applies the GMRES method to solve the for-
mulated linear equations, while the front-level thermal optimizer applies the CG
method. Both the GMRES method and the CG method are well-known iterative
methods [34, 55]. To solve a linear system Az = b, an iterative method starts from

©) and then iteratively improves the solution until reaching an

an initial solution z
acceptable accuracy. Denote the exact solution of the linear system by z*, the error

at the i-th iteration by e, where e = 2(® — 2* and the residue by 7, where

60 — Ael),
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Generalized Minimal Residue Method

The GMRES method seeks from the Krylov subspace K* (4, (")) an approximate

solution z to z* that minimizes the residue norm [55]:

T E K’ (A,T’(O)>

min HT(O) - Ax‘

where K' (A7) = span (r®, Ar©® A%©@ ... AGCDpO) " The method applies

the Arnoldi process to construct the basis of K (A4,r®), denoted by V®:
AV @ — D) @)

where H® is an (n+ 1) x n matrix. H® consists of an upper Hessenberg matrix
and an additional row vector which has only the last element being non-zero.

Let x = Vy. Then the following identify holds:
(5.20) Hr(o) — AxH2 = HelHr(O)H - H(i)y”Q.

Hence, the x vector that minimizes the residue norm can be computed from the
related y vector. Since H is almost triangular, the Givens rotation can be applied
to obtain the optimal y vector efficiently to minimize ||e;||r @[ — H®yl||, .

To apply the GMRES method in the top-level thermal optimizer, the matrix-
vector product Aw, where w denotes any column vector of V® can be computed by

the procedure described in the previous section.

Conjugate Gradient Method

The CG method seeks an approximate solution x to * along a set of A-orthogonal

directions d©,d®, ... d®, where

(A" AdY =0, for i # j.
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The CG method ensures that any direction d® is searched only once and never
searched again [34]. Hence, in the CG method, the residue at the i-th iteration is

orthogonal to all the previous search directions:
r®WdW) =0, for j < i.

Using a procedure similar to the Gram-Schmidt process, the CG method constructs
the A-orthogonal search directions from the residue vectors (@ M ...r@) If the

initial error is represented in terms of the search directions by

e0) — Z 8;dY
=0

the step size of the CG method, a'?), given by

guarantees that the method eliminates one component of the initial error at each
iteration.

Compared to the GMRES method, the CG method is only applicable to a Hermi-
tian matrix. Because of the high efficiency, the front-level thermal optimizer adopts

the CG method to solve the formed symmetric linear system.

Matrix Computation in Top-Level and Front-Level Thermal Optimizers

The previous sections briefly describe the matrix computations in the top-level
and front-level thermal optimizers to solve the formulated linear equations. This
section presents the details.

First, consider the top-level thermal optimizer. To compute the M7 D~'G?Dp
in Fig.5.7, LOTAGre is employed to compute D~'G?Dp, which is the temperature

distribution caused by a fixed power vector p under the matrix of Green’s function
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Compute the 2-D DCT of the matrix of fixed powers p;
Multiply the result with G?;
Compute the 2-D IDCT of the result at step 2;
Let the temperature result at step 3 be denoted by jﬁ
Compute MTT:
for each bin do
compute the average temperature of the first
cluster using jﬁ
for each cluster other than the first cluster do
compute its average temperature using fﬁ
compute the difference from the average
temperature of the first cluster; The result
is an entry of MTT;
end for;
end for.

O W N

Figure 5.10: Procedure to compute MT D~'G?Dp.

Compute the 2-D DCT of the matrix formed by y;
Multiply the result with G? and ;
compute the 2-D IDCT of the result at step 2;
Let the result at step 3 be denoted by Z:
for each bin do
compute the summation of the elements in Z that
represent the clusters inside this bin;
Negate the result to form an entry of r;
end for.

w w N =

Figure 5.11: Procedure to compute r = Cz, — 2.

values G2. Designate T the temperature distribution computed: T = D 'G2Dp.
Then each element of the vector MTT represents the average temperature difference
between the first cluster and one of the other clusters in the same bin. Fig.5.10 shows
the procedure to compute MT D~1G?Dp.

With the vector —MTT computed, the vector y, = —MTD1G2Dp — CTy, can
be computed as follows: each element in y; is assigned to the entry of —M7T that
is for the first cluster of the related bin. Then each element of the vector y, can be
obtained by adding the entries in —M TT that are for the related bin. To compute
r = Cz, — 2z, where z = D7'G%Dy, Fig.5.11 shows the procedure.

Fig.5.10 and Fig.5.11 show that the O (nlgn) DCT and IDCT procedures dom-
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1. Let Mz* be denoted by z';
2. for each bin do
initialize all entries of z’ for this bin to O.
for each cluster other than the first cluster do
assign the first entry of z* that represents
the cluster to the first entry of z’;
subtract the same value from the first entry
of z’ that represents the first cluster;
end for;
for each cluster do
compute the average value of 2’ for this cluster;
assign the average value to every entry of z’
for this cluster;
end for;
end for.

Figure 5.12: Compute Mz*.

inate the run-time of one GMRES iteration. Here n denotes the number of grids
for discretizing the layout. Note that although the GMRES method performs the
Arnoldi process and solves a triangular system at the last iteration, these steps are
inexpensive because the number of unknowns equals the number of bins, which is
orders of magnitude smaller than the number of grids. However, the total number of
GMRES iterations determines the overall time complexity of the top-level thermal
optimizer.

Consider the front-level thermal optimization. To compute the MT D~ 1G2DMz*
in Fig.5.9, follow the steps shown in Fig.5.10. First Mx* is computed, and denote
the result by /. Then follow the steps in Fig.5.10 to compute MTD~'G?Dxa’. In
fact, Mz* represents a power density distribution as the guess vector z* is a vector
of powers. The detailed procedure is shown in Fig.5.12.

Compared to the top-level thermal optimizer, the front-level thermal optimizer
solves a larger linear system of size equal to the number of clusters. However, each
iteration of the CG method employed requires fewer vector multiplications. As a

result, the O (nlgn) DCT and IDCT procedures still dominate the run-time of the
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front-level thermal optimizer in each iteration.

5.3 Application of Thermal Optimization in Capo

The partition tree is implicitly constructed level by level in the partition-driven
approach. For the bins at the same level of the tree, the optimal power budget
represents a power density map and can be solved by the top-level or front-level
thermal optimizer. To optimize thermal during partitioning a bin, one method is
from the optimal power budget to determine a power threshold for each child bin.
Then the partition algorithm is modified not to move a cell to a child bin if the move
causes the total power of the bin to exceed the power threshold. This is similar to
the approach in [20]. An alternative method is to add to the partition objective, i.e.,
the placement cost, a penalty cost that measures the amount of power of the child
bin that deviates from the optimal power budget. The latter method must trade
off between the traditional placement cost, such as the HPWL, and the total power
deviation of the child bin from the optimal power budget.

Assume that the "M algorithm is used in partitioning. Imposing power thresholds
to optimize thermal is similar to the approach in [20]. When the FM algorithm
moves a cell to a target bin, the move must neither incur cell overlaps or cause the
total power of the target bin to exceed the power threshold. Furthermore, the cell
moved must have the maximum gain among all the cells that satisfy the previous
two conditions. On the other hand, to augment the placement cost for thermal
optimization, the traditional placement cost needs to be slightly changed. If thermal
optimization is not considered, the placement cost is actually the cut-set cost. When
thermal optimization is considered, the placement cost is changed to the product of

the cut-set cost and a penalty cost that accounts for the total power deviation of each
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child bin from its optimal power budget. Then in each pass of the F'M algorithm,
after one cell is moved, the placement cost is recalculated, and the initial moves that

lead to the minimum placement cost in the pass are made permanent.

5.3.1 Optimal Power Budget in FM Based Algorithms

In partitioning bins, the Capo placement tool uses the F'M algorithm and the
multilevel FM (MLFM) algorithm, which is an extension to the F'M algorithm.
When a hyper-graph is to be partitioned by the M LF M algorithm, first tightly con-
nected nodes are grouped into clusters. Then a reduced hyper-graph is constructed
by representing the clusters as nodes and retaining the node connectivity in the orig-
inal graph. Next, perform the F'M algorithm to partition the reduced hyper-graph,
and convert the partition result into an initial partition for the original graph. From
the initial partition, execute the F'M algorithm again to obtain a final partition for
the original graph. Because the M LF'M algorithm essentially employs the F'M al-
gorithm for partitioning, there hardly exist any differences in augmenting the F'M
algorithm and the M LF M algorithm for thermal optimization.

The procedure to modify the placement cost for thermal optimization is detailed
here. Given a placement, denote the cut-set cost by ¢, the optimal power budget and
the total power of the first bin by P/” " and Py, respectively, and the optimal power
budget and the total power of the second bin by Ps* and P, respectively. Let the
placement cost when thermal optimization is considered be denoted by ¢’. Then ¢’
is given by the product of § and a penalty cost p (6”) that measures the total power

deviation of each bin from its optimal power budget:

5 =6-p(6")
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where

.

(146" —min_power _deviation)®, 6" > min_power _deviation
p (5//) —

0, otherwise

;
1— PP, PPt <o

6// — 1— Pl/Plopt7 P20Pt S O

max (abs(1 — P,/ Ps™),abs (1 — P/P{™)), otherwise.

\

The above formula for §” is explained below. The percentage of power deviation
from the optimal power budget (called the percentage of power deviation) for the first
bin and that for the second bin are given by abs (1 — P;/P{*") and abs (1 — P>/ P5™"),
respectively. If the optimal power budget for the first bin is non-positive, then §”
chooses the percentage of the power deviation of the second bin as its value. Similarly,
if the optimal power budget for the second bin is non-positive, then §” chooses the
percentage of the power deviation of the first bin as its value. Using this strategy
avoids negative values for ¢” and effectively integrates into the placement cost the
total power deviation of each placement bin from its optimal power budget. If both
the optimal power budget values are positive, then §” chooses the maximum of the
two percentages of power deviation as the value. The penalty cost p(6”) is defined
such that if §” is large than min_power _deviation, p (6") incurs a large penalty cost

(146" —min__power _deviation)®, compared to the penalty cost 3 otherwise.
5.3.2 Optimal Power Budget in Branch and Bound Algorithm
Besides the F'M and M LF M algorithms, the Capo placement tool also includes

a branch and bound partition algorithm to handle the end-case cell placements [15].

To place n cells in two bins, the branch and bound algorithm performs a depth-first
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traverse of a binary tree with n levels. In the binary tree, each node represents a
cell, each branch under the node indicates a partition decision for the cell, and the
path from the root to the node indicates a partial placement of all the nodes on the
path. When visiting a node, the algorithm first estimates a lower bound for the cost
of the partial placement of all the parent nodes (namely the bounding step). If the
lower bound is larger than the cost of a complete placement previously generated
by the algorithm, the sub-tree under the visited node will not be traversed (namely
the pruning step). Otherwise, the algorithm diverges into two partition decisions for
the visited node (namely the branching step), when deciding to assign the node to
either the first bin or the second. The traverse process is recursive and continues
until all the branches in the binary tree have been either visited or pruned. Because
the search space can be extremely large, the traverse process may stop earlier if it
has visited a predefined number of nodes.

Given a partial placement of cells, a lower bound for the placement cost can be
straightforwardly given if thermal optimization is not considered. For instance, the
Capo tool uses the cut-set cost of the partial placement as the lower bound. The cut-
set cost must be a valid lower bound because the cut-set cost can only be increased,
and any complete placement after the partial placement will only introduce more nets
to the cut-set. Denote the lower bound when thermal optimization is not considered

by B:

B:Z:cE

ecCy

i.e., the lower bound B is the summation of the cost of edges in the cut-set for the
partial partition II. When thermal optimization is considered, a lower bound for the
cost of the partial placement can be given by the product of B and a lower bound

for the percentages of power deviation. After the partial placement of cells, the total
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power of the first bin becomes P; and that of the second bin becomes P,. Denote
the lower bound when thermal optimization is considered by B’. Then B’ is given
by the product of B and the penalty cost p (B”), where B” gives a lower bound for
the percentages of power deviation:

B'=B-p(B")
where
(

(P —PM) /P, P <0

B// — (P2 o Pgopt) /Plopt’ P2opt S O

B", otherwise
\
(
P —PP" P PPt P, ~ port
max poPt T port ) 1> 1
t opt
B”/ — PQ*PQO‘D P27P2 opt
HlaX Plopt 9 P20pt 9 P2 > P2

min__power _deviation, otherwise.

\

The above formulas are explained below. When P/ t, the optimal power budget
for the first bin, is non-positive, (P — P{*) /Ps*" must be a lower bound for the
percentages of power deviation because at least an amount of power P, — P/ " will
never be allocated to the second bin. Similarly, if the optimal power budget for the
second bin, P5¥, is non-positive, (P — P3*') /P{" must be a lower bound for the
percentages of power deviation. When both the optimal power budget values are
positive, if neither bin has overfilled the optimal power budget, the lower bound for
the percentages of power deviation cannot be estimated. The reason is that any
estimation within (0, 1) may be invalidated by constructing a partition such that the
optimal power budget for every bin is satisfied. In this case, the predefined value

min__power _deviation is used as a lower bound. However, if either of the bin has
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overfilled the optimal power budget, the amount of power overfill can be used to
derive a lower bound.

Assume that the first bin has overfilled the optimal power budget, i.e., P; > P
Then the percentage of power deviation for the first bin is at least (P, — P{*") /Py,
i.e., the amount of power overfilling the first bin divided by the optimal power
budget. Furthermore, the percentage of power deviation for the second bin is at
least (P1 = prt) /Pg¥ ie., the amount of power under-filling the second bin di-
vided by the optimal power budget. Obviously, the maximum of the two values,
max (P, — PP*) /P, (P — PP) /P5*), is a lower bound for the two percentages
of power deviation. Similarly, if the second bin has overfilled the optimal power

budget, max ((P, — Ps*) /PP, (P, — Ps™) /Ps™) must be a valid lower bound.

5.4 Experimental Results

The optimal power budget model was incorporated into version 45 of the Capo
placement tool to optimize thermal. The top-level and front-level thermal optimiz-
ers adopt the implementation of the GMRES and CG methods from the iterative
methods library (IML+-+) [2]. The experiments were based on the IBM-PLACE
2.0 benchmark suites [3]. The die sizes of the benchmark circuits were fixed to
2cm X 2cm. The other thermal parameters were the same as those for the example
chip in Fig.3.4: the chip consisted of three layers, h = 8675 W/(m%K), h = 1387
W/(m?K), k = 98.4 W/mK, ky = 16.2 W/m-K, and k3 = 261.5 W/m-K. The pow-
ers of the cells in each benchmark circuit were generated using a uniform distribution,
with a maximal cell power and a total power set for the chip.

First, the parameters o, § and min__power _deviation were set to 2, le — 3, and

5%. These parameter values implied that in the partition procedure by the F'M
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algorithm, if 6”, which reflected the percentages of power deviations for the two bins,
was no more than 5%, the penalty cost was only le — 3; however, if §” was larger
than 5%, the penalty cost was (6" — min__power _deviation + 1)2, which was at least
1000 times the value 1e — 3. Therefore, a placement that had §” larger than 5% was
highly unlikely to be selected as the final placement, compared to another placement
that had 4" no more than 5%. However, when the placements considered all had
0" larger than 5%, the chance for a placement to be selected as the final placement
highly depended on the cut-set cost or the total HPWL.

Fig.5.13 shows the temperature distribution results for the IBMO1 circuit. The
total power of the chip was 140 W and the maximal cell power was 0.05 W. The
first placement for the circuit was produced by Capo without thermal optimization.
Thermal simulation showed that the temperatures in the placement were within
[12.9131°C, 42.2375°C]. The total HPWL of the placement was 5.11015¢7. Then the
second placement was produced for the circuit by Capo with thermal optimization.
The temperatures in the second placement were within [33.7226°C, 38.5310°C]. In
comparison, the temperature spread of the first placement was 551% larger than
that of the second placement. The total HPWL of the second placement increased
by 5.1% to 5.37073e7. The average temperatures of the two placements were both
36.0927°C. However, the temperature standard deviation of the first placement was
7.13684°C, which was 767% larger than that of the second placement, 0.8229°C.
With thermal optimization, the run-time of Capo increased by 6.25% from 80 s to
85 s (the Capo tool was run on a Debian Linux machine configured with an Intel
Dual Core 2.4GHz CPU). Fig.5.14(a) shows the temperature histograms for the two
placements. Clearly, the temperature spread was significantly reduced in the second

placement because of thermal optimization by Capo.
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(b) Temperature distribution of the second placement with thermal optimization.

Figure 5.13:
1eur Temperature distribution results for IBMO1 circuit with and without thermal opti-

mization: a = 2, min_power _deviation = 5%.
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Table 5.1 summarizes the experimental results for the entire benchmark circuits.

7 t .
In the table, 07} 4nge = % — 1, where T and T.F are the maximal and
mar T fmin

minimal temperatures in the placement generated by Capo with thermal optimiza-

tion. 07}4ng. measures the reduction of temperature spread in the placement with

thermal optimization. The rate of the HPWL increase is denoted by éW = Wwo/pt —1

J

where W denotes the HPWL for the placement with thermal optimization. Table
5.2 shows the temperature statistics for the placements. In summary, for the place-
ments with thermal optimization, the average increase of the HPWL was 5.14%, the
average reduction of the temperature spread was 288%, and the average reduction of
the temperature standard deviation was 326%. The average increase of the run-time
because of thermal optimization was 17.53%, which was 10-20 times smaller than
the run-time results reported in [20]. Experiments demonstrated that using the op-
timal power budget model significantly reduced the temperature spreads and evenly
distributed the temperatures in the chip. Results also showed that LOTAGre was
very fast for thermal optimization purposes, compared to the other thermal analysis
methods.

Then the o parameter was changed to a = 3, while the other parameter values
were retained. Table 5.3 and Table 5.4 show the results. As expected, because of the
increased penalty cost for the percentages of power deviations, the average reduction
of the temperature standard deviation increased from 326% to 412%. However,
unexpectedly, the average increase of the HPWL was slightly reduced from 5.14%
to 5.08%. The slight reduction may be explained by the randomness inherent in the
Capo placement tool.

Next, the min__power _deviation parameter was increased to 10%, while the other

parameters values were retained: o = 2, f = 0.001. Because the penalty cost for the
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Circuit Tovin Traz 0T range w ow t ot
Tnaz — Tmin | (x1e8) (s)
IBMO1 | 12.9131 | 42.2375 0.5110 80
33.7226 | 38.5310 510% 0.5371 | 5.10% 85 6.25%
IBMO2 | 26.1408 | 38.6625 1.4499 179
32.5521 | 37.9126 134% 1.5106 | 4.19% | 193 7.82%
IBMO7 | 61.2283 | 95.2807 3.4109 428
79.1161 | 93.5680 136% 3.5590 | 4.34% | 551 | 28.74%
IBMO8 | 30.6825 | 70.1595 3.5244 465
56.8059 | 65.7273 343% 3.7082 | 5.22% | 551 | 18.50%
IBMO09 | 27.3360 | 51.0066 3.0331 458
43.7113 | 49.2200 330% 3.2144 | 5.98% | 573 | 25.11%
IBM10 | 48.2706 | 86.2589 5.9315 756
73.3701 | 81.7177 355% 6.1607 | 3.86% | 890 | 17.73%
IBM11 | 64.0321 | 96.9821 4.4554 687
79.5660 | 95.2184 111% 4.6820 | 5.09% | 798 | 16.16%
IBM12 | 37.0579 | 102.7010 7.7678 869
83.4075 | 96.8102 390% 8.3363 | 7.32% | 1042 | 19.91%
Average 288% 5.14% 17.53%
Table 5.1:

Thermal optimization results for IBM-PLACE 2.0 benchmark circuits: a = 2,
min__power _deviation = 5%.

Circuit ‘ Tavg T(%’; o oopt ‘ oo ‘
IBMO1 | 36.0927 | 36.0927 | 7.1368 | 0.8229 | 767%
IBMO02 | 36.0994 | 36.0998 | 1.8187 | 1.8187 | 95%
IBMO7 | 87.7027 | 87.7042 | 6.5670 | 2.9188 | 125%
IBMO08 | 61.9048 | 61.9049 | 5.5929 | 1.4061 | 298%
IBMO09 | 47.1092 | 47.1092 | 3.6620 | 0.9563 | 283%
IBM10 | 77.3945 | 77.3973 | 7.2137 | 1.4613 | 394%
IBM11 | 90.2907 | 90.2902 | 7.1385 | 2.8893 | 147%
IBM12 | 90.2931 | 90.2917 | 12.8482 | 2.1340 | 502%

Average | \ \ \ | 326% |

Table 5.2: S
Temperature statistics for the placements with and without thermal optimization:a = 2,

min__power _deviation = 5%.
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(a) Temperature histograms for IBMO1 circuit.
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(b) Temperature histograms for IBM02 circuit.

Temperature histograms for IBM01 and IBMO2 circuits with and without thermal
optimization: « = 2,min_power deviation = 5%. Upper diagram for the place-
ment without thermal optimization and lower diagram for the placement with thermal
optimization.
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(a) Temperature histograms for IBMO7 circuit.
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(b) Temperature histograms for IBM08 circuit.

Figure 5.15: Temperature histograms for IBM07 and IBMO8 circuits with and without thermal
optimization: « = 2,min_power deviation = 5%. Upper diagram for the place-

ment without thermal optimization and lower diagram for the placement with thermal
optimization.
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(b) Temperature histograms for IBM10 circuit.

Figure 5.16: Temperature histograms for IBM09 and IBM10 circuits with and without thermal
optimization: « = 2,min_power deviation = 5%. Upper diagram for the place-

ment without thermal optimization and lower diagram for the placement with thermal
optimization.
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(b) Temperature histograms for IBM12 circuit.

Figure 5.17: Temperature histograms for IBM11 and IBM12 circuits with and without thermal
optimization: « = 2,min_power deviation = 5%. Upper diagram for the place-
ment without thermal optimization and lower diagram for the placement with thermal
optimization.
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Circuit Tovin Traz 0T range w ow t ot

Tmax - Tmzn (Xleg) (S)

IBMO1 | 12.9131 | 42.2375 0.5110 80
33.2534 | 37.9748 521% 0.5386 | 5.40% 90 12.50%

IBMO02 | 26.1408 | 38.6625 1.4499 179
32.5877 | 37.9544 133% 1.5132 | 4.36% | 197 10.6%

IBMO7 | 61.2283 | 95.2807 3.4109 428
80.5412 | 92.0629 196% 3.5641 | 4.49% | 566 | 32.24%

IBMO0S8 | 30.6825 | 70.1595 3.5244 465
57.9678 | 64.8735 472% 3.7634 | 6.78% | 557 | 19.79%

IBMO09 | 27.3360 | 51.0066 3.0331 458
43.2227 | 48.8663 319% 3.1881 | 5.11% | 591 | 29.04%

IBM10 | 48.2706 | 86.2589 5.9315 756
73.0699 | 81.0288 3717T% 5.9923 | 1.02% | 933 | 23.41%

IBM11 | 64.0321 | 96.9821 4.4554 687
83.3869 | 93.4120 229% 47894 | 7.50% | 842 | 22.56%

IBM12 | 37.0579 | 102.7010 7.7678 869
83.403 95.4998 443% 8.2312 | 5.97% | 1065 | 22.56%
Average 336% 5.08% 21.52%

Table 5.3:

Thermal optimization results for IBM-PLACE 2.0 benchmark circuits: o = 3,
min__power _deviation = 5%.

Circuit ‘ Tovg T(ff; o o°rt ‘ oo ‘
IBMO1 | 36.0927 | 36.0927 | 7.1368 | 0.6724 | 961%
IBMO02 | 36.0994 | 36.1005 | 1.8187 | 0.9628 | 89%
IBMO7 | 87.7027 | 87.7078 | 6.5670 | 2.0105 | 227%
IBMO8 | 61.9048 | 61.9060 | 5.5929 | 1.0999 | 408%
IBMO09 | 47.1092 | 47.1092 | 3.6620 | 0.9112 | 302%
IBM10 | 77.3945 | 77.3916 | 7.2137 | 1.4200 | 408%
IBM11 | 90.2907 | 90.2914 | 7.1385 | 1.3857 | 415%
IBM12 | 90.2931 | 90.2918 | 12.8482 | 2.1948 | 485%

[_Avg | | | | | 412% |

Table 5.4: S
Temperature statistics for the placements with and without thermal optimization: a = 3,

min__power _deviation = 5%.
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Circuit Tnin Trax 0T range W ow t ot
Tonaz — Tmin | (X1e8) (s)
IBMO1 | 12.9131 | 42.2375 0.5110 80
30.1853 39.580 212% 0.5365 | 4.99% 89 11.25%
IBMO2 | 26.1408 | 38.6625 1.4499 179
29.4837 | 38.7822 35% 1.4997 | 3.43% | 194 8.38%
IBMO7 | 61.2283 | 95.2807 3.4109 428
73.3678 | 94.5063 61% 3.5137 | 3.01% | 500 | 16.82%
IBMOS8 | 30.6825 | 70.1595 3.5244 465
56.2841 | 65.3251 337% 3.7106 | 5.28% | 528 | 13.55%
IBMO09 | 27.3360 | 51.0066 3.0331 458
42.0756 | 50.6158 177% 3.2202 | 6.17% | 541 | 18.12%
IBM10 | 48.2706 | 86.2589 5.9315 756
64.4119 | 84.5991 88% 6.1433 | 3.57% | 865 | 14.42%
IBM11 | 64.0321 | 96.9821 4.4554 687
72.9936 | 96.6296 39% 4.6399 | 4.14% | 780 | 13.54%
IBM12 | 37.0579 | 102.7010 7.7678 869
75.6084 | 98.6316 185% 8.4000 | 8.14% | 1071 | 23.25%
Average 142% 4.84% 14.92%
Table 5.5:

Thermal optimization results for IBM-PLACE 2.0 benchmark circuits: o = 2,
min_power _deviation = 10%.

percentages of power deviations were reduced after the min_power deviation pa-
rameter, it was predicted that the temperature distributions of the placements wors-
ened and the HPWLs improved. The results are shown in Table 5.7 and Table 5.8.
Consistent with the prediction, the average reduction of the temperature spread de-
creased from 288% to 142%, the average reduction of the temperature standard devi-
ation decreased from 326% to 114%, and the average increase of the HPWL decreased
from 5.14% to 4.84%, compared to the case that o = 2, min_power deviation =
5%.

The parameter values were set to o = 3, min_power deviation = 10% in the
final set of experiments. Table 5.7 and Table 5.8 show the results. Compared to
the case that o = 2, min_power deviation = 10%, the average reduction of the
temperature standard deviation and the average increase of the HPWL increased as
expected. The slight decrease in the average reduction of the temperature spread

may still be explained by the randomness inherent in the Capo placement tool.
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Circuit | Ty, Tort o o' | b0 |
IBMO1 | 36.0927 | 36.0927 | 7.1368 | 2.1921 | 226%
IBMO02 | 36.0994 | 36.1022 | 1.8187 | 1.7201 | 6%

IBMO7 | 87.7027 | 87.7057 | 6.5670 | 4.8125 | 36%
IBMO8 | 61.9048 | 61.9054 | 5.5929 | 1.7888 | 213%
IBMO09 | 47.1092 | 47.1092 | 3.6620 | 1.5838 | 131%
IBM10 | 77.3945 | 77.3929 | 7.2137 | 4.1254 | 75%
IBM11 | 90.2907 | 90.2904 | 7.1385 | 4.8059 | 49%
IBM12 | 90.2931 | 90.2908 | 12.8482 | 4.6153 | 178%

[ 114% |

Average

Table 5.6: . . N
Temperature statistics for the placements with and without thermal optimization: o = 2,

min_power _deviation = 10%.

Circuit Tovin Traz 0T range w ow t ot

Tmaaz - T‘m,zn (Xleg) (S)

IBMO1 | 12.9131 | 42.2375 0.5110 80
30.1267 | 40.9214 272% 0.5429 | 6.25% 91 13.75%

IBMO02 | 26.1408 | 38.6625 1.4499 179
29.7709 | 38.8480 38% 1.5290 | 5.45% | 191 6.70%

IBMO7 | 61.2283 | 95.2807 3.4109 428
71.8602 | 93.9542 54% 3.5651 | 4.52% | 542 | 26.64%

IBMO08 | 30.6825 | 70.1595 3.5244 465
55.5729 | 65.6557 292% 3.7766 | 7.16% | 545 | 17.20%

IBMO09 | 27.3360 | 51.0066 3.0331 458
40.1923 | 51.2919 113% 3.1465 | 3.74% | 589 | 28.60%

IBM10 | 48.2706 | 86.2589 5.9315 756
66.9832 | 84.2087 121% 6.0130 | 1.37% | 873 | 15.48%

IBM11 | 64.0321 | 96.9821 4.4554 687
76.2216 | 95.9343 67% 4.7371 | 6.32% | 781 | 13.68%

IBM12 | 37.0579 | 102.7010 7.7678 869
74.0894 | 99.7213 156% 8.4618 | 13.9% | 1090 | 25.43%
Average 139% 6.09% 18.44%

Table 5.7:

Thermal optimization results for IBM-PLACE 2.0 benchmark circuits: o = 3,
min_power _deviation = 10%.

Circuit | Tooy | T [ o [ o' | b0 |
IBMO1 | 36.0927 | 36.0927 | 7.1368 | 2.1731 | 228%
IBMO2 | 36.0994 | 36.1045 | 1.8187 | 1.5983 | 14%
IBMO7 | 87.7027 | 87.7062 | 6.5670 | 4.9034 | 34%
IBMO8 | 61.9048 | 61.9086 | 5.5929 | 1.7576 | 218%
IBMO09 | 47.1092 | 47.1092 | 3.6620 | 1.5194 | 141%
IBM10 | 77.3945 | 77.3998 | 7.2137 | 3.6386 | 98%
IBM11 | 90.2907 | 90.2924 | 7.1385 | 4.3066 | 66%
IBM12 | 90.2931 | 90.2917 | 12.8482 | 5.1360 | 150%

[ Avg | | | | | 119% |

Table 5.8: .
Temperature statistics for the placements with and without thermal optimization: « = 3,

min_power _deviation = 10%.



137

In general, increasing the o parameter will reduce the temperature standard devia-
tion and increase the HPWL. Similarly, relaxing the min_power deviation parame-
ter will increase the temperature standard deviation and reduce the HPWL. However,
exceptions can occur because of the randomness inherent in the Capo placement tool
or the correlation between the powers of the cells and the HPWL. For example, con-
sider two placements A and B, where the percentage of power deviation of A is 4%
and that of B is 3%. Let o = 2. If the min_power _deviation parameter is set to
5%, selecting either A or B as the final placement depends on which placement has
a larger HPWL. However, when the percentage of power deviation of A increases to
8%, it becomes unlikely to select A as the final placement. If the power deviation
of B also increases to over 5%, such as 7%, the chance of selecting A as the final

placement depends on if the HPWL of B is at least 1.97% (i.e.,(}igjgg)Q — 1) larger

than that of A. One step further, let min_power deviation increase to 6%. It is ex-
pected that the final placement will have a smaller HPWL and a larger temperature
standard deviation, compared to the case that o = 2, min_power _deviation = 5%.
However, calculations show a contradiction. When min_power deviation is 6%,

the likelihood of selecting A as the final placement depends on if the HPWL of B is

at least 1.99% (i.e.,(}iSﬁf)Q — 1) larger than that of A. Assume that the HPWL of
B is 1.98% larger than that of A. When min_power _deviation = 5%, A is selected
as the final placement. But when min_power deviation is increased to 6%, B is
selected as the final placement. In other words, relaxing the min_power deviation
parameter causes an increase of the HPWL and a decrease of the power deviation.
This type of counter-intuitive result, together with the randomness inherent in the

Capo placement tool, may complicate the experimental results. In summary, by

slightly trading off the total HPWL, using the optimal power budget model in the
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Capo placement tool significantly improved the temperature distribution of the chip.



CHAPTER VI

Conclusions and Future Works

The continual scaling of transistors and interconnects exacerbates the thermal
management problems for ULSI chips. Accurate estimation and effective optimiza-
tion of the temperature distribution of a ULSI chip become utterly important in
predicting and ensuring the performance and reliability of the chip before actual
fabrication. Motivated by the design challenges, this dissertation aims at a detailed
study of the chip-level thermal issues. In summary, the dissertation contributes
primarily in three areas: chip-level thermal analysis, interconnect thermal modeling,
and thermal optimization in cell placement. First, the dissertation introduces LOTA-
Gre, a high-efficiency O (nlgn) multilayer Green’s function based thermal analysis
method. Next, the dissertation presents a Schafft-type interconnect temperature dis-
tribution model and an O (n) algorithm to compute the interconnect temperature
distribution from the model. Finally, the dissertation introduces an optimal power
budget model for thermal optimization in the cell placement stage and details the

integration of the model into the widely distributed Capo placement tool.

6.1 Contributions to Thermal Analysis

This dissertation introduces a chip-level thermal analysis method called LOTA-

Gre. Compared to grid-based methods such as the FE and FD methods, LOTAGre
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utilizes the multilayer heat conduction Green’s function to avoid dispensing large
numbers of grids to chip regions with no heat sources and no monitored tempera-
tures. Using the DCT and IDCT algorithms, LOTAGre achieves O (nlgn) run-time
in thermal analysis. Comparisons have shown that LOTAGre can be orders of magni-
tude faster than a sophisticated computational fluid dynamics tool called FLUENT,
a typical grid-based tool, while providing the same accuracy. Using the multilayer
thermal model, LOTAGre is capable of handling chips consisting of multilayer hetero-
geneous heat conduction materials, with either wire-bonding packaging or flip-chip
packaging.

This dissertation also discusses the ambient temperature effects on temperature
distribution within the chip. Traditional thermal analysis methods have assumed a
uniform ambient temperature surrounding the chip. The assumption may cause large
errors because the temperature gradients at different boundaries of the chip are dis-
similar and the heat flow from different surfaces of the chip to the outer environment
is unbalanced. Using general 2-D functions to model the ambient temperatures at
the top and bottom surfaces of the chip, this dissertation separates the temperature
distribution of the chip into two parts: (a) homogeneous temperature distribution at-
tributed to ambient temperatures, and (b) inhomogeneous temperature distribution
attributed to the heat sources inside the chip. Both the temperature distributions
are computed by highly efficient procedures of O (nlgn) complexity in LOTAGre.

In analyzing the inhomogeneous temperature distribution, this dissertation inte-
grates the eigen-expansion technique and the transmission line theory to derive fully
analytical formulas for the multilayer heat conduction Green’s function, including the
s-domain version. With the multilayer heat conduction Green’s function, the tem-

perature distribution caused by an arbitrarily shaped heat source can be computed,
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and most important, thermal transfer impedance between any two locations can be
given, and compact thermal models can be established for the critical components
in the chip.

This dissertation also analyzes the errors in LOTAGre. One type of error is caused
by truncation of the infinite series. The dissertation provides a bounding technique to
determine an upper bound for the truncation error. Theoretical and numerical results
show that the truncation error in LOTAGre is insignificant. The other type of error
is caused by the sampling of power density distribution in the chip. The dissertation
applies the Fourier analysis technique to obtain a power density sampling criterion

similar to the Nyquist sampling criterion.

6.2 Contributions to Interconnect Thermal Modeling

The Schafft’s model was initially used to model interconnect electromigration.
Recently, the model was used to analyze the temperature distribution within an
interconnect. Based on the Schafft’s model, this dissertation introduces an intercon-
nect temperature distribution model which includes flexible parameters to accurately
model the thermal effects of packaging, ambient temperatures, and multiple heat
conduction paths in the chip.

In existing interconnect temperature distribution models, the law of energy con-
servation is used to set up the appropriate differential equations. However, existing
models have inadequately addressed the amount of heat dissipated vertically from
the interconnect to the heat sink of the chip, and have neglected the effect of the
temperature gradients within the interconnect. In establishing the interconnect tem-
perature distribution model, this dissertation considers the effect of the temperature

gradients to avoid overestimating the temperature variations within the interconnect.
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Despite the increased number of parameters in the presented model, this dissertation

gives an efficient O (n) approach to solve the interconnect temperature distribution.

6.3 Contributions to Thermal Optimization

This dissertation introduces an optimal power budget model for thermal optimiza-
tion in the cell placement stage. The optimal power budget model determines the
optimal allocation of cell powers to different regions of the chip so that the resultant
temperature distribution most closely approximates the target temperature distribu-
tion for the chip. To solve the optimal power budget from the formulated least-square
form, the dissertation employs the GMRES method and the CG method as well as
LOTAGre to construct highly efficient top-level and front-level thermal optimizers.

The dissertation then presents the procedures to incorporate the optimal power
budget model into the partition-driven Capo placement tool for thermal optimiza-
tion. The Capo placement tool augmented can rely on the top-level and front-level
thermal optimizers to optimize the temperature distribution of the chip in the cell
placement stage. Experiments showed that the placements generated by Capo with
thermal optimization had significantly narrower temperature spreads than the place-
ments without thermal optimization. Results also demonstrated that LOTAGre was
advantageous in thermal optimization because of its superior speed over the grid-

based methods.

6.4 Future Works

In chapter I1, this dissertation derives the multilayer heat conduction Green’s func-
tion, including the s-domain version. One possible future work is to apply the mul-
tilayer heat conduction Green’s function to estimate the thermal transfer impedance

between two interested locations in the chip and establish compact thermal models
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for the thermally critical components in the chip. By studying the thermal transfer
properties of the on-chip components, insights may be gained into the temperature
distribution of the chip to provide better thermal management design.

In chapter IV, this dissertation introduces a new interconnect temperature dis-
tribution model. One future research work is to apply the new model to study a
large set of interconnect configurations and build figures of merit on the temperature
distributions of the interconnect wires to aid the IC physical design processes, e.g.,
global routing, detail routing, and buffer insertion, in alleviating the ULSI thermal
problems.

In chapter V, this dissertation reviews several cell placement approaches and
details the incorporation of the optimal power budget model into the partition-driven
Capo placement tool. Possible future research directions are: apply the model to
the simulated-annealing-based approach and the force-directed approach; compare
the thermal optimization results by these approaches; and apply the optimal power
budget model for thermal optimization to the earlier floorplanning stage to further

improve the temperature distribution of ULSI chips.
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