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Abstract—In this paper we present an adaptive meshing
technique suitable for steady state finite element (FE) based
thermal analysis of integrated circuits (ICs). The algorithm
presented is a non iterative one where the technology used is
first pre-characterized. The characterization results are then used
for scanning the layout to detect high power regions then fine
meshing them. Finally, the analysis is done only once. This makes
it faster than conventional iterative adaptive meshing methods.
The algorithm results showed comparable accuracy and better
performance when compared to the flux based (iterative) and the
power aware (non iterative) algorithms.

I. INTRODUCTION

Meshing is a key factor in the FE process, and specially the
thermal analysis one. It has a big impact on the analysis results.
A tradeoff has always existed between accuracy and speed
when meshing any design. High accuracy usually demands a
fine mesh size. On the other hand, a finer mesh means a bigger
system which also means more time to solve.

This paper is organized such that in section II, it describes
the challenges facing adaptive meshing of ICs, along with
common adaptive meshing techniques stated in literature. Fol-
lowed by section III, where it describes in detail the proposed
meshing algorithm. Finally, the testing results in section IV.

II. ADAPTIVE MESHING IN THERMAL ANALYSIS OF ICS

The mesh is designed to have each element with homoge-
nous physical properties. For thermal analysis, the thermal
conductivity should be the same across the element volume.
Unfortunately nowadays layouts are full of wiring and devices
specially those made for digital circuits. It is not practical
to have a mesh with the constraint aforementioned. So for
thermal analysis of ICs, the meshing engine produces elements
containing different materials. Then it calculates an equivalent
thermal conductivity in the element. Various ways exist in
literature to calculate the equivalent values [1], [2], and [3].
One more challenge facing the adaptive meshing in ICs, is that
mesh refinement involves more than adding extra nodes and
elements. Since for each mesh configuration, a calculation has
to be done for the densities of the materials inside each element
so as to calculate its thermal conductivity. This process is
usually called property extraction. So a refined mesh basically
means a new set of thermal conductivity values and somehow
a different system to solve.

Adaptive meshing can be divided into three main categories
[4]. The p-refinement, r-refinement, and the h-refinement. In
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the p-refinement, the mesh is unchanged but the order of
the polynomial FE basis functions is increased adaptively.
While in the r-refinement, element type and number of mesh
nodes are kept constant, but nodes positions are changed
adaptively to focus on areas with sharp solution gradients.
For h-refinement, the same type of finite element is used in
all the mesh elements but the element size is changed. Of
the three types, the h-refinement is the most popular due to
its simplicity. Two main approaches for the h-refinement [5]
exists in the literature, error based and flux based.

The error based approach starts by doing a FE analysis with
a coarse grid, then uses the results to do an estimation of the
error inside each element. Mesh is then refined in places where
the error is above a certain threshold. The process keeps going
on until the error goes below a threshold. A good example for
this technique can be found in [6]. The main drawback of this
technique is that the process of the error estimation itself is a
complex process mathematically and computationally. Various
techniques for calculating the error can be found in [7], and
[8]. For the flux based approach, a FE analysis is also done
with a coarse grid, where the results are used to calculate
the gradient in each element. The mesh is then refined at
places where the gradient is highest. This process is repeated
iteratively until the difference in results between subsequent
runs goes below a certain threshold. This makes it more
popular over the error based as the gradient calculation is way
simpler and faster than the error estimation. This approach was
demonstrated in [9], [1], and [10]. The main disadvantage in
both of the approaches described above is that they are both
iterative. This requires doing multiple analysis runs, where
each run consists of a meshing step, property extraction, and
the system solution. The property extraction step involves a
considerable amount of geometrical processing to calculate
the densities of the materials inside each element and then the
thermal conductivity. For the typical size of nowadays chips,
this process may take more time than the analysis step.

A non iterative power aware meshing technique is found in
[11]. The core idea of the algorithm is to scan the layout to
detect the areas with high power, and then fine mesh these
areas. This algorithm suffers from two main disadvantages.
First, the method used for detecting high power areas is not
accurate enough specially when operating at the boundaries
of high power regions. Second, the fine mesh size used is not
dependant on the power of the region being meshed. This may
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cause over meshing of some areas, leading to a bigger system
without a real gain in the accuracy.

III. PROPOSED ALGORITHM

The core idea of the proposed algorithm is to detect high
power areas ahead of the analysis, and design the mesh to be
fine enough around these areas. Thus, we can get good enough
results without any need for iteration. This done on two steps
which will be described in the following two sections.

A. Technology characterization

From the error vs. power density graph in [11], we can
conclude that the higher the power density in each block, the
smaller the mesh size needed to mesh the area of this block.
To do this, we have to characterize the technology node we are
using. This is a step that is needed only once per technology
node and is not design or layout dependent step. The goal of
this step is to generate a lookup table, where we can find the
smallest mesh size needed for each power density value.

The first step of the characterization is to find out the
maximum power density possible for this technology pd -
To achieve this, a dummy design is used. This design consists
of an array of identical interdigitized transistors like those in
figure 1. Each transistor has its source connected to ground,
while the gate and the drain are connected together to VDD
to allow the maximum possible current through the transistor.
Finally, the power generated in the array is calculated then
divided by the area of the layout to get pd,,q.. Since the end
result is normalized to the area, the transistor size and the
number of transistors used in the array are arbitrary.
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(a) Schematic

(b) Layout
Fig. 1: Array for maximum power density calculation

Now that the maximum power density in known, we can
start the characterization steps. This is done by a set of
thermal analysis iterations on the layout created earlier. Each
characterization step aims to find the smallest possible mesh
for a given pd. The first step goes as follows, we use the
layout with the maximum power values calculated earlier. An
iterative thermal analysis process is done. This process starts
by doing an analysis with a coarse mesh, and keep refining
it until the average error between the last two iterations is
below a certain threshold, in our case 0.01 C° was used.
Once the threshold is reached, we record the final mesh size
as the one corresponding to the power density used in this
characterization step. For the other characterization steps, the
process is exactly the same, except that we scale down the
power used in the transistors by an arbitrary factor. We keep
doing the characterization steps until the power used is below
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the power of a single transistor in the original layout. The
flow chart for the whole characterization process is depicted
in figure 2.
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Fig. 2: Characterization process
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B. Detection and meshing of high power areas

The main goal of this step, is to detect and mark the areas
with high power density. Most of nowadays chips usually
have their peak power consumption localized in a number of
blocks in the chip, where the rest of the chip has much lower
power consumption. The high power areas we are trying to
detect are basically the bounding boxes of these blocks. The
basic detection algorithm steps are summarized in figure 3. To
explain the algorithm, let’s assume we have a design with a
couple of high power blocks as those marked in gray in figure
3a. The detection process starts by calculating the average
power density for the whole design pd,,q. This is defined as
the total power divided by the total area of the chip. The layout
is then divided into small tiles. The power density inside each
tile pd;;; also defined as the tile power divided by the tile area
is then calculated. Next, we loop on all the tiles and select only
those with power density greater than the pdg,4 as in figure
3b. These selected tiles are geometrically merged together to
form bigger polygons. We then calculate the bounding box for
each polygon as seen in figure 3c. These bounding boxes are
actually the rectangles bounding the power blocks, which is
almost what we are looking for. The final step is to annotate
each of these boxes with its power density as in figure 3d
so as to be used during the meshing step. One final thing
to note is that the smaller the tiling size the better. More
tiles will lead to better resolution for the detection. On the
other hand very small tiles will make the power detection step
computationally heavy. A reasonable value for the tile size
is i-min(width,length). Where width and length are the
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dimensions of the chip.
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Fig. 3: High power areas detection

The final step remaining is to apply the meshing using the
lookup table generated and the high power areas detected. In
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this step, we start by applying the biggest mesh size in the table
for the whole layout. Next we loop on all the high power areas
detected, for each area, we use pd calculated to lookup the
mesh size from the table. If the exact pd value does not exists,
we ceil pd to the nearest value before the lookup. Finally we
refine the mesh at the area with the mesh size we looked up
from the table. Once this is done for all the high power areas,
we do the property extraction and then the thermal analysis.

I'V. TESTING RESULTS

During the testing of the proposed algorithm, we had
to evaluate its accuracy and performance. To evaluate the
accuracy, we did a thermal analysis using our generated mesh,
and compared it to a reference analysis. We then generated an
error map. An error map is simply the absolute difference
between the algorithm results and the golden results at every
point in the layout. From the error map we then calculate the
maximum and the average error in temperature. The reference
result used above, is simply a result from a simulation with
a much finer mesh. In order to decide this fine mesh size,
we do a number of consecutive simulations starting with a
coarse mesh, and reduce the mesh size with each run. We
then calculate the error between the runs. We kept doing that
until the maximum error between consecutive runs is below
0.1 C°. This was done for each layout we used during the
testing.

As for the performance, we measure the runtime of the
algorithm itself along with the runtime of the solver using
the generated mesh. For the runtime of the algorithm, this
includes the meshing and property extraction. The results are
then compared to the flux based algorithm from [9], [1], and
[10] and the power aware algorithm from [11]. For the flux
based algorithm we used a 0.1 C threshold for maximum
error between each consecutive iterations. Since our focus is
only on the effect of the proposed meshing algorithm on the
results and system size, we can use any arbitrary FE solver
without caring much about the solver performance itself. In
our research we used the thermal solver from ANSYS® to
examine the proposed meshing algorithm. For simplicity we
used conforming rectangular mesh in our testing.

We used the designs from [11] to test the proposed meshing
algorithm, all of which are full chips with various sizes, func-
tionalities, and power consumption. All our simulations were
steady state ones. They were done assuming free convection
from all sides of the chip with an ambient temperature of 27
C°. For each design, we show the power map, and output
mesh from the proposed algorithm. This is followed by the
temperature map from our golden solution, the temperature
map from the proposed meshing algorithm, and the error map.
Since all the maps are 3D, it may be hard to demonstrate it
on a 2D view. For the sake of clarity, we drew only 2D maps,
where all the maps are taken from the plan right at the top of
the silicon substrate. We selected this position as it is where
all the transistors -the heat sources- actually exist.

Our results are summarized in the following tables. In tables
I and II we compare the runtime of the flux based and the
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Fig. 4: Power map and mesh for three chips
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Fig. 5: Chip 1 analysis results

power aware algorithms to the proposed algorithm. Followed
by tables III and IV where we compare the error in the FE
results from the proposed algorithm to the flux based and the
power aware. In table V, we have a summary of the physical
and electrical properties of the three chips we used in our
simulations. This is followed by the lookup table generated
from the characterization process in table VI. The error is
based on the comparison to the reference analysis. Finally, ta-
ble VII which summarizes the size of the FE problem from the
reference mesh, the flux based algorithm, and our algorithm.
One thing to be noted about the performance results, is that
the time taken to do the meshing and the property extraction
is larger than that taken to solve the resulting system. This is
because the resulting system is not that big to solve. Since the
proposed algorithm does the meshing step only once, it saves
a lot of time compared to the iterative Flux based algorithm.

V. CONCLUSIONS

An adaptive meshing technique suitable for steady state FE
based thermal analysis of integrated circuits was presented.
The algorithm is a non iterative one, based on power pre-
characterization of the technology used. The algorithm showed
around 40% speed up compared to the power aware algorithm
and 75% speed up when compared to the flux based.
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