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ABSTRACT
The grid structure of most numerical thermal simulators

has to be designed artificially. Designers might need to try
many different grid structures for getting accurate thermal
profiles, and, hence, waste a great of runtime. In order to
solve this problem, this work presents a system-level thermal
simulator, DeNAFE, which can adaptively mesh thermal
grids automatically. First, we develop and employ a fast
thermal estimation engine to roughly obtain the thermal
profile of the system. Then, with this thermal profile, we
propose and utilize an adaptive meshing procedure to decide
its grid structure and perform thermal simulation.

Compared with a commercial tool, ANSYS Icepak, the
experimental results show that the speedup of DeNAFE can
be up to two orders of magnitude with only 6.09% maximum
error for all chips in the steady-state thermal simulation.
Furthermore, the error of chips is less than 5.25%, the error
of screen/skin is less than 6.03%, and the speedup can be
over 171.12 times in the transient simulation.

KEY WORDS: adaptive meshing, heat transfer equation,
finite difference method (FDM), fast thermal estimator, ther-
mal gradient, circuit simulation

NOMENCLATURE
~r Location vector (x, y, z)
~n Normal vector
t Time (s)
∆t Time step (s)
T Temperature (°C)
Ti, j,k Temperature at grid (i, j, k) (°C)
~Ttn Temperature vector at the n-th time step
~ptn Power vector at the n-th time step
p Power density (W/m3)
Qi, j,k Power of grid (i, j, k) (W)
cp Specific heat of material (J/kg·°C)
cp,i, j,k Specific heat of material at grid (i, j,k) (J/kg·°C)
h Heat transfer coefficient (W/m2·°C)
fbs Boundary condition function
∆x Length of a control volume in x-direction (m)
∆y Length of a control volume in y-direction (m)
∆z Length of a control volume in z-direction (m)
Rx Thermal resistance in x-direction (°C/W)
Ry Thermal resistance in y-direction (°C/W)
Rz Thermal resistance in z-direction (°C/W)

Ci, j,k Thermal capacitance of grid (i, j, k) (J/°C)
G Thermal conductance matrix
C Thermal capacitance matrix
∆Tavg Avg. temperature difference (°C)
∆Tx,avg Avg. temperature difference along x-direction (°C)
∆Ty,avg Avg. temperature difference along y-direction (°C)
∆Tx,gmax Max. temperature difference along x-direction in a

group (°C)
∆Ty,gmax Max. temperature difference along y-direction in a

group (°C)
Mx,gc Current resolution along x-direction in a group (#)
My,gc Current resolution along y-direction in a group (#)
Mx,gu Updated resolution along x-direction in a group (#)
My,gu Updated resolution along y-direction in a group (#)

Greek symbols
κ Thermal conductivity (W/m·°C)
ρ Density of material (kg/m3)
ρi, j,k Density of material at grid (i, j,k) (kg/m3)

Subscripts
bs Boundary surface

INTRODUCTION
People have made big progress in technology, and many

companies have launched their exquisite and elegant prod-
ucts like smart-phones, notepads and so forth. A great
number of engineers are devoted themselves to increasing
some helpful functions and to enhancing their efficiency.
Therefore, the performance of such products has been im-
proved significantly, so does execution time.

Nevertheless, that would increase the power density of
products. Furthermore, generally, the components used in
the products have difficulty in dissipating heat. It is prone to
functional errors and products damage permanently on the
grounds of overheating. As a consequence, thermal issues
have captured more and more attention than before. To
prevent the situation of overheating, if we can take the
thermal impact on products into account in the design stage,
we will reduce the probability of overheating dramatically.
In the design stage, designers might numerously modify
the product structure and need to utilize thermal simulators
to acquire its thermal profiles many times. Though, many
existing commercial thermal simulation tools can provide
accurate simulation results, their execution time is huge.
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As a result, to save design time, developing a fast thermal
simulator without losing accuracy is imperative.

General speaking, there are two different approaches for
performing thermal simulation. One is analytical method,
and the other is numerical method. Their characteristics are
listed below.

1) Analytical method:
a) Need to construct spatial bases
b) Has closed-form for thermal profile
c) Is suited for simple structure
d) Has short execution time

2) Numerical method:
a) Need to construct thermal grids
b) Has no closed-form for thermal profile
c) Can easily deal with complicated structure
d) Has moderate or long runtime

Several chip-level thermal simulators utilize analytical
methods to achieve good results with low execution time [1],
[2]. Zhan and Sapatnekar applied the Green function to
solve the heat transfer equations [1], and Huang and Lee
utilized the generalized integral transform to deal with the
thermal simulation [2]. However, because of the complicated
structures of products such as smart-phones or notepads, they
are hard to cope with these analytical type methods, and the
numerical method is a better choice for system-level thermal
simulation.

The grid meshing is one of major missions for numerical
methods, and the sizes of grids present a trade-off between
runtime and accuracy. However, the thermal grids for most
of the thermal simulators [3], [4] need to be determined
artificially. In order to make sure that the temperature profiles
obtained by thermal simulators are precise enough, users
may tune the grid structure many times. It would waste
much meaningless execution time and hinder the practicality
of thermal simulators. Several existed works have discussed
the decision of grid sizes [5]–[9]. Ref. [5] and [6] regarded
the thermal gradient as a thermal constraint. If somewhere
violates the constraint, their developed adaptive meshing
methods will modify the grid structure to be coarse or
dense. Ladenheim et. al. adjusted the grid structure based
on the heat flux [7]. If the heat flux is larger/smaller than
several pre-defined parameters that can be set by users, the
mesh will be refined/merged. Li et. al. applied the multigrid-
based approaches to suitably choose the grid hierarchy and
efficiently reduce the runtime of thermal simulation [8].
Chen et. al. utilized the information of placed cells and their
power densities to build the thermal mesh by trading-off the
accuracy and efficiency for performing the cell-level thermal
simulation [9].

However, all the above works focused on the chip-level
thermal simulation. This paper is going to present a system-
level thermal simulator with the ability of adaptively mesh-
ing grids automatically, and we name it DeNAFE. Given
a smartphone consisting of many blocks, according to the
electro-thermal duality, firstly, we apply and modify a power-
grid IR drop analysis method [10] to create a fast and yet
accurate enough pre-stage thermal estimator with uniform
coarse grids for roughly estimating the thermal profile of
the system. Next, we utilize the thermal gradients obtained
by the estimator to divide those coarse grids into several
groups, and for each group, we decide the suitable grid

size by considering the local and global average thermal
gradients, the local and global maximum thermal gradients,
and its original grid size. After governing the grid size of
each group, to prevent the material homogenization, we
decide the granularity of each block in accordance with
its corresponding group. Therefore, the grid size is locally
uniform and globally non-uniform for thermal simulation.
Ultimately, by using the finite difference method (FDM)
to convert all thermal grids into a linear system, we can
iteratively or directly solve this linear system to acquire the
detail thermal profile of the system.

We organize this paper as follows. First, we formulate the
system-level thermal simulation in the preliminary. Then, we
detail the developed thermal simulator, DeNAFE. Finally, we
present the experimental results to validate DeNAFE, and
give a brief conclusion.

PRELIMINARY
Uniform thermal grid model

The heat transfer equation for the system-level thermal
simulation can be written as [11]1

∇ · (κ(~r)∇T (~r, t)) + p(~r, t) = ρ(~r)cp(~r)
∂T (~r, t)
∂t

(1)

with its corresponding boundary condition

κ(~rbs)
∂T (~rbs, t)
∂~nbs

+ hbsT (~rbs, t) = fbs(~rbs). (2)

To solve (1) and (2), first, the system structure can be
discretized into many uniform control volumes, and, in the
physical point, discretizing is the same as meshing the whole
system into many thermal grids as illustrated in Fig. 1(a).
Then, by applying the FDM and the electro-thermal duality
to (1), the heat transfer equation for each thermal grid
becomes to
−Ti−1, j,k + Ti, j,k

Rx−
+
−Ti+1, j,k + Ti, j,k

Rx+

+
−Ti, j−1,k + Ti, j,k

Ry−
+

−Ti, j+1,k + Ti, j,k

Ry+

+
−Ti, j,k−1 + Ti, j,k

Rz−
+
−Ti, j,k+1 + Ti, j,k

Rz+

+Ci, j,k
dTi, j,k

dt
= Qi, j,k.

(3)

Here,

Rx∓ = (κ−1
i∓1, j,k + κ−1

i, j,k)
∆x

∆y∆z
, (4)

Ry∓ = (κ−1
i, j∓1,k + κ−1

i, j,k)
∆y

∆x∆z
, (5)

Rz∓ = (κ−1
i, j,k∓1 + κ−1

i, j,k)
∆z

∆x∆y
, (6)

Ci, j,k = ρi, j,kcp,i, j,k∆x∆y∆z. (7)

After that, in accordance with the electro-thermal duality
and (3), each grid (i, j,k) can be modeled as several suitable
thermal resistances along x-, y-, and z-directions, a thermal
capacitance attached to it for capturing the transient behav-
ior, and a power source attached to it for modeling its power
consumption.

Fig. 1(b) shows the equivalent thermal model of a thermal
grid, and, hence, the whole system can be transferred into

1For the steady-state thermal simulation, because temperature values do
not change with time, the differentiation with time in (1) is zero.



(a) (b) (c)

Fig. 1. (a) Mesh structure of the system. (b) The equivalent model of a
thermal grid. (c) The modified steady-state thermal model of a uniform
grid.

(a) (b)

Fig. 2. (a) Thermal network of irregular grid structure (without drawing
thermal capacitance and power source). (b) Equivalent thermal resistance
between two grids.

a lump thermal RC network. Here, we use the ground node
to represent the environment. By using the modified nodal
analysis (MNA) [12], the following system equation can be
built.

G~T + C
d~T
dt

= ~p. (8)

Finally, the backward Euler method can be applied to
approximate the differentiation, and (8) becomes to

(G +
C

∆t
)~Ttn =

C

∆t
~Ttn−1 + ~ptn . (9)

By solving (9), the thermal profile of the system can be
acquired.

Irregular thermal grid model
In order to support the function of adaptive meshing, the

grid structure must be irregular. Therefore, to preserve the
availability of FDM and electro-thermal duality, we need to
improve the former thermal model.

A grid may connect with different number of grids in
an irregular grid structure. If two grids connect with each
other, we link them with an equivalent thermal resistance
and preserve their thermal capacitances. Fig. 2(a) shows a
simple example in the two-dimensional plan. Based on [5],
the equivalent thermal resistance R(i,, j,k),(i′, j′,k′) between these
two grids (i, j,k) and (i′, j′,k′) shown in Fig. 2(b) can be
calculated as

R(i,, j,k),(i′, j′,k′) =
li, j,k

κi, j,kAoverlap
+

li′, j′,k′
κi′, j′,k′Aoverlap

. (10)

With (10), we can calculate the value of each thermal
resistance in the irregular thermal grid model.

DeNAFE: ADAPTIVE MESHING THERML
SIMULATOR WITH FAST ESTIMATOR

Fig. 3 shows the flowchart of DeNAFE. First, it parses the
input files to get the essential data like parameters of materi-
als, input structure, power consumption and so on. After that,

Fig. 3. The flowchart of the adaptive meshing thermal simulator, DeNAFE.

it executes a proposed fast thermal estimator to acquire the
rough thermal profile of the system. Then, according to the
estimated thermal profile, it performs an adaptive meshing
algorithm to decide and design the irregular grid structure,
and employs the irregular thermal grid model to build the
system equation. Finally, DeNAFE solves this linear system
by direct or iterative matrix solvers [13], and reports its
thermal profile.

Fast thermal estimator
In accordance with [10], a fast thermal estimator is devel-

oped. After getting the input data, through this proposed
estimator, we can efficiently obtain a rough steady-state
temperature distribution of the system by performing the
following four steps.

Uniform thermal model modification: After discretizing
the system into uniformly coarse grids, we consider the
steady-state simulation and utilize the uniform thermal grid
model to build an equivalent thermal circuit. To meet the
power grid structure that does not miss vias between different
metal layers mentioned in [10], we modify the thermal model
of each grid shown in Fig. 1(b) to be Fig. 1(c) as follows.
First, we split the node (i, j,k) into two sub-nodes, Nx,i, j,k

and Ny,i, j,k, and insert a very small thermal resistance Rsmall

between them. Then, Rx− and Rx+ are connected to Nx,i, j,k,
and Ry− and Ry+ are connected to Ny,i, j,k. The two thermal
resistances Rz− and Rz+ along the z-direction connect to
Ny,i, j,k and Nx,i, j,k, respectively. Lastly, the power Qi, j,k is
equally split and attached to these two sub-nodes.

Shortest thermal resistance path finding: Generally, the
handheld devices are thin, and, hence, we assume that the
boundary conditions on their vertical surfaces are adiabatic.
With the modified uniform thermal model, we can transfer
the system into a thermal resistive network as shown in
Fig. 4. For each sub-node, we employ the breadth-first
search (BFS) to construct the shortest thermal resistance path
from it to the ground, and calculate its equivalent thermal
resistance to the ground.

Heat flow propagation from power source layers to
ground: After building the shortest thermal resistance path
from each sub-node to the ground and their equivalent
thermal resistances, we approximate the heat flow of each
sub-node as follows.

We start from the layer containing power sources like the
layer circled by the red dotted cuboid in Fig. 4, and preserve
the sub-nodes in that layer, their up and down connected sub-
nodes, and the resistances between them. Then, we connect



Fig. 4. Full thermal resistive network using the modified uniform thermal
model.

(a) (b)

Fig. 5. (a) The row circuit used in the heat flow propagation according to
the power source layer. (b) The row circuit used for heat flow propagation.

each connected sub-node to the ground with its related
equivalent thermal resistance calculated in the previous step.
By this way, we can construct many row circuits along the
x-direction or the y-direction. Fig. 5(a) shows the structure
of these row circuits. Next, we calculate the heat flow of
each sub-node by solving each row circuit.

After dealing with the layer having power sub-nodes,
the thermal resistive network can be divided into two sub-
circuits, up and down sub-circuits, as shown in Fig. 6. The
up/down sub-circuit consists of the elements above/below
the layer and those calculated heat flows.

Finally, we use the following propagation procedure to
calculate the heat flow of each sub-node induced by that
power source layer.

P1 For each sub-circuit, we start at the lowest layer,
and deal it with row by row. For each row, we
preserve its sub-nodes, the connected sub-nodes
of these sub-nodes, and the thermal resistances
between these preserved sub-nodes and connected
sub-nodes. We, then, connect these connected sub-
nodes to the ground with their related equivalent
thermal resistances obtained in the shortest thermal
resistance path finding step. Next, we attach a
power source which its value is equal to the heat
flow calculated before to each preserved sub-node.
Fig. 5(b) illustrates the structure of these row
circuits.

P2 Solve each row circuit built in P1 to obtain the heat
flow of each connected sub-node.

P3 March to the next layer, repeatedly perform P1 and
P2 until the ground layer has been met. Finally, we
can obtain the heat flow of each sub-node.

Fig. 6. Up and Down sub-circuits.

Temperature propagation from ground to power
source layers: After having the heat flow of each sub-node,
we perform the temperature propagation from the layer of
sub-nodes connected with the ground to the layer of sub-
nodes connected with the power sources.

We start from the layer of sub-nodes connected to the
ground. First, we preserve those sub-nodes and the ground
nodes connected to them, and the thermal resistances be-
tween the preserved sub-nodes and ground nodes. After that,
we attach a power source, which its value is equal to the
heat flow obtained in the heat propagation step, to each
preserved sub-node. Next, we assign suitable temperature
values, T1, T2, · · · , and TW , to those connected ground
nodes. Here, we assign their values to be the environment
temperature. By this way, we can construct many row circuits
along the x-direction or the y-direction. Fig. 7 shows the
structure of these row circuits. Then, we can effectively get
the temperature of each sub-node by solving each simple
row circuit.

After having the estimated temperature values of all
sub-nodes at that layer, we march to the next layer, and
repeatedly perform the above temperature propagation pro-
cedure until the power source layer has been met. Here, the
temperature values of T1, T2, · · · , and TW are the values
calculated in its previous layer by using the circuit structure
illustrated in Fig. 7.

As we have done the temperature value estimation of each
sub-node, we merge each two split sub-nodes to their original
node, and its temperature value is the average temperature
of those two sub-nodes. If there are more than one power
source layer, we use the superposition theorem to acquire
the overall rough temperature profile.



Fig. 7. The row circuit used in temperature propagation.

Fig. 8. Temperature map by using the fast thermal estimator.

Adaptive meshing algorithm

After executing the fast thermal estimator, we have the
estimated temperature profile of each layer. Considering the
layer having dies, we have its result as illustrated in Fig. 8.
A bidirectional edge represents the temperature difference
between two adjacent nodes, and they can be divided into
two types, the temperature difference along the x-direction
(red edges) and the temperature difference along the y-
direction (blue edges). We define their average temperature
difference to be

∆Tavg =
Nx

Nx + Ny
∆Tx,avg +

Ny

Nx + Ny
∆Ty,avg, (11)

where

∆Tx,avg =
1

Nx

Nx∑
i=1

∆Tx,i, (12)

∆Ty,avg =
1

Ny

Ny∑
j=1

∆Ty, j. (13)

Here, ∆Tx,i and ∆Ty, j are the temperature differences be-
tween two adjacent nodes along the x-direction and the y-
direction, respectively.

To adaptively adjust the grid size smoothly, first, we
intend to group nodes having similar temperature differences
together. Hence, we assign nodes to different groups by the
following rules.

1) Use (11) to calculate the average temperature differ-
ence.

2) Repeatedly assign two adjacent nodes to the same group
if their temperature difference is less than ∆Tavg until
all nodes have been checked.

3) After that, we recalculate the average temperature dif-
ference of those nodes which do not belong to any
group.

4) Repeat 2) to 3) until all nodes are grouped.

Fig. 9. Temperature map after grouping.

After grouping, for each group, we calculate its ∆Tx,gmax and
∆Ty,gmax .

∆Tx,gmax = max(max{∆Tx,gin },max{∆Tx,gbs }) (14)
∆Ty,gmax = max(max{∆Ty,gin },max{∆Ty,gbs }) (15)

Here, ∆Tx,gin /∆Ty,gin denotes the temperature difference along
the x-direction/y-direction between two adjacent nodes in-
side that group. ∆Tx,gbs /∆Ty,gbs denotes the temperature differ-
ence along the x-direction/y-direction between two adjacent
nodes which one is inside that group and the other is outside
that group. Fig. 9 illustrates a simple example. The red,
green, blue, and purple bidirectional edges denote ∆Tx,gin ’s,
∆Tx,gbs ’s, ∆Ty,gin ’s, and ∆Ty,gbs ’s of Group 1, respectively.

If ∆Tx,gmax > ∆Tx,avg, we will increase the resolution in the
x-direction for that group, otherwise, we will decrease its
resolution in the x-direction. Similarly, if ∆Ty,gmax > ∆Ty,avg,
we will increase the resolution in the y-direction for that
group, otherwise, we will decrease its resolution in the y-
direction. The resolutions in the x- and y-directions for a
specific group are updated to be

Mx,gu = dMx,gc × ratioxe, (16)
My,gu = dMy,gc × ratioye, (17)

where

ratiox = ∆Tx,gmax/∆Tx,avg, (18)
ratioy = ∆Ty,gmax/∆Ty,avg. (19)

Once we determine the new resolutions of a specific group,
we also update its grid sizes, ∆xg and ∆yg. By using these
updated grid sizes, we can decide the resolutions of a block
in that group to be

Mx,b = dWx,b/∆xge, (20)
My,b = dWy,b/∆yge. (21)

Here, Wx,b and Wy,b are the lengths along the x-direction and
y-direction of that block, respectively.

After dealing with each group, an irregular grid structure
can be acquired. Finally, we can apply the irregular thermal
grid model described in the preliminary and the MNA
method to construct a linear system equation, and solve it
to obtain the detail thermal profile of the system.

EXPERIMENTAL RESULTS
DeNAFE is implemented by C++ language and executed

on a workstation with 16 Intel(R) Xeon(R) CPU E5620
@2.40GHz and 96G memory. We execute DeNAFE to
perform the steady-state and transient thermal simulation of



Fig. 10. The estimated temperature map at the chip layer of GS4-C1 by
the developed fast thermal estimator.

Fig. 11. Steady-state temperature maps of GS4-C1. (a) screen, (b) chip,
and (c) skin by DeNAFE. (d) screen, (e) chip, and (f) skin by ANSYS
Icepak.

a smartphone, Samsung S4 (GS4) [14], for demonstrating
its accuracy and efficiency. With regard to the method for
solving the linear system, DeNAFE applies the LU decom-
position mode of SuperLU [13] to calculate the temperature
values.

Steady-state thermal simulation

To display the efficiency and accuracy of DeNAFE, we
compare its results with those obtained by a well-known
commercial tool, ANSYS Icepak [15]. The heat transfer
coefficients on the six boundary surfaces of the smartphone
are set to be 11.5W/m2·°C, and the profiles of power
consumption of the test cases are collected from the mea-
surement data [14] or randomly generated. The number
of thermal grids in ANSYS Icepak is 1,747,221, and the
number of grids decided by DeNAFE are listed in Table I.
The error percentage of DeNAFE is calculated as

error =
|TIcepak − TDeNAFE|

TIcepak − Tref
× 100%. (22)

Here, Tref is the environment temperature, and is set to be
27°C.

Fig. 12. The thermal grid structure of the die layer in GS4-C1. (a) DeNAFE.
(b) Icepak.

In the beginning, DeNAFE uniformly and coarsely meshes
the design to be 18×8×22 (3,168) grids, and applies the
developed fast thermal estimator to roughly estimate the
temperature profile. Fig. 10 is the estimated steady-state
temperature map at the chip layer of GS4-C1 obtained by
our developed fast thermal estimator. Compared with the
result obtained by ANSYS Icepak as illustrated in Fig. 11(e),
we can find that though the temperature values may not
be accurate enough, they do capture the temperature trends
of the design and the runtime is only 0.03 second. Hence,
we can utilize the result to perform the adaptive meshing
algorithm.

Fig. 11 shows the temperature maps of screen, chip, and
skin layers of GS4-C1. Fig. 11(a)–(c) are the results of
DeNAFE, and Fig. 11(d)–(f) are the results of ANSYS
Icepak. We can observe that the trends of thermal maps
obtained by DeNAFE are almost the same as those got by
Icepak. This verifies the correctness of DeNAFE. Table I
presents the detail experimental results, and the columns
from the left to right are the case name, the runtime of
Icepak, the grid numbers of DeNAFE, the ratio of non-zero
elements in the conductance matrix, the runtime of DeNAFE,
the maximum and average error of screen, chip, and skin,
and the speed-up. The maximum error of chips is less than
6.09%, the maximum error of screen/skin is less than 6.05%,
and the average error is only 2.23% for all test cases. It does
demonstrate that DeNAFE has high accuracy. In another
viewpoint, according to the different numbers of grids shown
in Table I, DeNAFE does adaptively and effectively decide
the grid structure automatically. Fig. 12(a) and Fig. 12(b)
illustrate the thermal grid structures of the die layer in GS4-
C1 built by DeNAFE and Icepak, respectively, and DeNAFE
uses less number of thermal grids than Icepak.

As for the runtime, roughly, it is proportional to the
ratio of non-zero elements in the conductance matrix and



TABLE I
Comparison of ANSYS Icepak and DeNAFE

case
Icepak DeNAFE
runtime # of grids ratio of non-zero runtime max error (%) avg. error (%) speed-up

(sec) elements (×10−4) (sec) screen chip skin screen chip skin (×)
GS4-C1 3,614 41,973 1.84 36.98 3.13 4.79 6.05 0.70 2.05 1.40 97.73
GS4-C2 3,729 39,910 1.94 32.20 1.74 6.09 4.36 0.35 2.23 0.91 115.81
GS4-C3 3,647 41,780 1.85 22.73 2.04 4.93 3.68 0.35 2.13 0.92 160.45
GS4-C4 3,947 41,267 1.86 27.95 2.02 5.14 3.64 0.47 2.06 0.97 141.22

Fig. 13. The error distribution of DeNAFE at the chip grids in the transient
simulation.

the number of grids. Its speedup over ANSYS Icepak can
achieve two orders of magnitude.

Transient thermal simulation
To perform the transient thermal simulation, the boundary

conditions are the same as the steady-state thermal simula-
tion, and DeNAFE utilizes the average values of transient
power values to perform the fast thermal estimator and the
adaptive meshing algorithm. The numbers of thermal grids
used by ANSYS Icepak and DeNAFE are 1,747,221 and
41,814, respectively. The simulation period is 13.5 seconds,
and the time step is 0.1 second.

We compare the thermal profiles of all chip grids at
all time steps with the results obtained by Icepak, and
Fig. 13 plots its error distribution. It shows that the error
mostly distributes from −4% to 1% (the occupied ratio
is about 98.28%). The maximum and average temperature
errors of chips are 2.05°C and 0.80°C, respectively, and
the maximum and average error percentages are 5.25% and
2.05%, respectively. Furthermore, the maximum temperature
errors of screen layer and skin layer are only 0.27°C and
0.52°C, respectively, and the maximum error percentages of
screen layer and skin layer at each time step are less than
3.11% and 6.03%, respectively. We also plot the temperature
waveform at the center point of a die obtained by DeNAFE
and Icepak in Fig. 14. It can be observed that the temperature
trends are almost the same, and the temperature differences
between them are less than 1.3°C. All the experimental
results do validate the accuracy and robustness of DeNAFE.

The runtime of DeNAFE is 69.49 seconds, and the runtime
of ANSYS Icepak is 11, 891 seconds. DeNAFE can have
171.12× speedup over ANSYS Icepak. As a consequence,
DeNAFE achieves good performance for both steady-state
and transient simulations.

Fig. 14. The temperature waveform at the center point of a die.

CONCLUSION

A system-level thermal simulator with the ability of auto-
matic mesh generation has been developed and implemented.
It can relieve designers from the burden of determining
the thermal grid structure. The experimental results have
shown that DeNAFE can achieve two orders of magnitude
speedup over the well-known commercial tool, ANSYS
Icepak, without losing the accuracy.

In the future, we will take the boundary conditions of
vertical surfaces of the design structure into consideration
in the fast thermal estimator for improving its accuracy.
Besides, we are going to enhance the adaptive meshing
algorithm to devise the grid structure for each vertical layer
of the design.
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