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Leakage power is becoming a key design challenge in current and future CMOS designs. Due to
technology scaling, the leakage power is rising so quickly that it largely elevates the die tem-
perature. In this paper, we deeply investigate the impact of leakage power on thermal profile in
both 2D and 3D floorplanning. Our results show that chip temperature can increase by about
11°C in 2D design and 68°C for 3D case with leakage power considered. Then we propose a
thermal-driven floorplanning flow integrated with an iterative leakage-aware thermal analysis
process to optimize chip temperature and save leakage power consumption. Experimental
results show that for 2D design. the max chip temperature can be reduced by about 8°C and
the proportion of leakage power to total power can be reduced from 19.17% to 11.12%. The
corresponding results for 3D are 60°C temperature reduction and 16.3% less leakage power
proportion.

Keywords: 3D ICs: thermal; leakage power; floorplanning.

1. Introduction

In CMOS digital circuits, power dissipation consists of dynamic and static com-
ponents. In circuits with a high supply voltage, a relatively high transistor threshold
voltage can be used, making subthreshold current negligible, which is the main
component of leakage current. However, with continuous shrinking of minimal
feature size, leakage power is expected to become a major challenge for future CMOS
designs. Although leakage is about 10%—20% of total chip power for the current
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generation of CMOS technologies, the number is expected to rise to 50% for the next
generation technologies.'™

As indicated in Ref. 3, the sub-threshold current of a transistor has a super-linear
dependency on temperature. With the development of VLSI technologies, the size of a
transistor is even smaller and hence the sensitivity of leakage power due to tem-
perature is even more evident. Besides, the temperature of a block in a CMOS circuit
is not confined to the block itself and it affects the temperatures of all its neighboring
blocks due to thermal diffusion. Thus the temperature of a certain block cannot be
determined without considering the floorplan of all the blocks. Gupta et al.! showed
that different floorplans have different thermal profiles, thus have different lcakage
power. However, though previous floorplanning algorithms’~'® have already taken
thermal effects into consideration, few of them considered the effects caused by
leakage power. Omitting the thermal-dependent leakage power in thermal analysis
can result in significant temperature estimation errors. Therefore, it is very necessary
to include the leakage power calculation in early design stage to get the accurate
temperature profile.

The above observations motivate us to investigate the impact of leakage power on
thermal profile in floorplanning, especially 3D floorplanning, in which thermal effect
is one of the most important issues. In this paper, we first study the impact of leakage
power on thermal profile in 2D and 3D floorplanning, and then propose a thermal-
driven optimization flow to optimize the chip temperature and leakage power dis-
sipation. The rest of the paper is organized as follows. In Sec. 2, we review the related
work in leakage power modeling and thermal-aware floorplanning/placement. In
Sec. 3, we present the thermal and leakage power models. Section 4 formulates our
thermal-driven floorplanning flow with temperature-dependent leakage power con-
sidered. Section 5 shows the experimental results and the conclusions are provided in
Sec. 6.

2. Related Work

The related work can be divided into two classifications: temperature-dependent
leakage power modeling and thermal-aware floorplanning/placement.
Chandrakasan et al.® showed that the subthreshold current for a transistor is a
super exponential function of its supply voltage, threshold voltage and temperature.
Nassif et al.! proposed a model to estimate the leakage power for a chip while
considering power supply and temperature variations. Liao et al.® also proposed a
temperature-dependent leakage power model with an assumption that the whole chip
is at one uniform temperature. Huang et al.% used a simple exponential model to
express the relation between leakage power and temperature without loss in accuracy.
In the area of 2D thermal-aware floorplanning, Sankaranarayanan et al. have
proposed thermal-aware floorplanning at the micro-architectural level for pro-
cessors.” Han et al. conducted a study on the floorplanner’s effectiveness in lowering
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the maximum processor temperatures. Recently, Healy et al. " have proposed thermal-
driven and communication profile-driven floorplanning to reduce peak temperatures.
Hung et al'' used floorplanning with genetic algorithms to reduce the peak tem-
peratures. Reduction of clock tree power using activity based register clustering and
thermal-aware placement has been proposed by Cheon et al.'? and Obermeier et al.,'
respectively.

Besides, Ekpanyapong et al.'* and Cong et al.'” have proposed thermal-driven
and communication profile-driven 3D floorplanning. Hung et al. proposed thermal-
aware floorplanning for 3D microprocessors, 16 the power consumption of interconnect
is considered during floorplanning. Recently, Li et al. developed a hierarchical 3D
floorplanning algorithm.'” Goplen and Sapatnekar'® developed force-directed ther-
mal-aware standard-cell placement algorithms. These techniques demonstrate good
and scalable performance. But none of them consider the influence of leakage power
which may cause significant error. Therefore, it is very necessary to investigate how
much the leakage power will influence the chip temperature on both 2D and 3D
designs.

3. Background

This section will describe the thermal model and the temperature-dependent leakage
power model.

3.1. Compact thermal model

Thermal analysis is the simulation of heat transfer through heterogeneous material
among heat producers (c.g., transistors) and heat consumers (e.g., heatsinks
attached to an IC). Modeling thermal conduction is analogous to modeling electrical
conduction, with thermal conductivity corresponding to electrical conductivity,
power dissipation corresponding to electrical current, and temperature correspond-
ing to voltage.'? The full-chip and package compact thermal model is constructed
based the floorplan and preliininary package data. As shown in Fig. 1, the circuit
stack is first divided into tiles. A tile stack is modeled as a resistive network. The
isothermal bases of room temperature are modeled as a voltage source. A current
source is present at every node in the network to represent the heat sources. The tile
stacks are connected by lateral resistances.

One can spatially discretize the system and solve the following equation to
determine the steady-state thermal profile as a function of power profile.

T=PA !, (1)

where A is an N x N sparse thermal conductivity matrix. T and P(t) are N x 1
temperature and power vectors. Li et al. proposed a multi-grid thermal analysis
technique that automatically refines spatial discretization to achieve orders of
magnitude speedup compared to techniques using homogeneous partitioning without
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Fig. 1. Resistive thermal model lor a 3D IC: (a) tiles stack array; (b) single tile stack; (¢) tile stack
analysis.

loss of accuracy.?” We use this thermal solver and its extended multi-layer version.
This thermal model uses incremental refinement to generate a tree of heterogeneous
parallelepipeds thereby supporting fast thermal analysis without loss in accuracy.

3.2. Temperature-dependent leakage power model

The leakage power of a grid cell i (we divide each tile into a certain number of grid
cells in the Z direction) can be expressed as

— o IX(T =Ty
-Plozlkago; - A[ Xaxe ( ) s (2)

where A; and T, are the area and temperature of the cell. « and 3 are empirical
factors that have different values for different technologies (typical values found in
Ref. 6 are @ = 1 x 10° W/m? and 3 = 0.025 for 130 nm with V; = 1.1V). T}, is the
reference temperature at which « and 3 are defined. Figure 2 shows the relation
between temperaturc and leakage power. The leakage power increases with the
temperature super-linearly.

4. Thermal-Driven Floorplanning with Leakage Power

It is obvious that for optimal designs at future technologies, on-chip temperature
needs to be modeled as accurate as possible in early design stages. Hence, thermal-
driven floorplanning should take temperature dependent leakage power effect into
consideration. Especially in 3D designs, the temperature distribution varies from layer
to layer. The floorplan has a direct effect on the leakage power and the temperature
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Fig. 2. Relation between leakage power and temperature.

dependent leakage power also influences the hotspots distribution on floorplans. To
optimize the packing with leakage power considered, we need to design iterative
thermal estimation and optimization flow to get the convergence.

4.1. Leakage-aware iterative thermal analysis

As shown in Sec. 3, leakage power and temperature values are interacting with each
other. To get the accurate value of the temperature on chip caused by both dynamic
and leakage power, we need the iterative computation process as shown in Fig. 3.
The temperature profile is used to calculate the corresponding leakage power using
leakage power model shown in Sec. 3.2. The total power distribution will be updated
with the new leakage power. And the thermal distribution can be further updated
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Fig. 3. Full-chip thermal model closes the loop for accurate leakage power calculation.
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Fig. 4. Iteration process in thermal analysis.

using the thermal model in Sec. 3.1. The loop is iterated until either power/
temperature convergence is achieved or thermal runaway is detected. It may need
several iterations to achieve the convergence. As shown in Fig. 2, the temperature
has small impact on leakage power when the temperature is low. To save the early
iterations, the leakage power can be initialized according to room temperature. We
show the iteration process for ami33 in Fig. 4. The iterations can be saved to 2 or 3
iterations to get an accurate estimation.

In order to show the temperature rise caused by the temperature-dependent
leakage power, we first generate a 2D packing for a typical circuit ami33, as shown in
Fig. 5. Figure 5(a) shows the corresponding dynamic power distribution. Then we
use the thermal tool introduced in Sec. 3 to get the thermal profiles for this packing
without and with leakage power consideration, as shown in Figs. 5(c) and 5(d). As
shown in Fig. 5, the temperature with leakage power considered is much hotter than
the temperature with only dynamic power. The thermal distributions for two cases
are slightly different with each other since the hot regions in Fig. 5(d) are larger than
those in Fig. 5(¢). The temperature difference for a certain grid in these two pictures
is about 10°C on average.

4.2. Thermally optimized floorplanning

Different blocks in packings have different dynamic power dissipation profiles and
hence produce varying local temperatures. The placement has a direct effect on the
leakage power of the design. A leakage-aware floorplanner considering temperature
profile is introduced in this section. The cost function of a leakage aware floorplanner
not only includes the traditional objectives such as chip packing area and wirelength
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Fig. 5. Temperature maps of a 2D packing instance — ami33.

but also takes leakage power aware temperature into account. As shown in Fig. 6,
thermally optimized floorplanning flow is an iterative improving process. Starting
with an initial solution, we alternately do new solution generation and leakage aware
thermal profile generation until no better solution can be found.

In this paper, we use a force-directed approach to implement the thermal-driven
floorplanning. Any other traditional floorplanner can be extended to be a leakage-
aware floorplanner with our model. The force-directed placement algorithm simulates
the mechanics problem in which articles are attached to springs and their movements
obey the Hooke’s law. Here we use the basic force-directed engine derived from
Ref. 22 and extend it to deal with 3D thermal driven floorplannig problem. We choose
force-directed placement engine because of its good performance and scalable feature.

5. Experiment Results

Our algorithm is implemented in C++, and the experiments are performed on a
workstation with 3.0 GHz CPU and 4 GB physical memory. We use five typical
MCNC and GSRC benchmarks'® in our experiments. We assign a power density of
random number between 1.0 x 105 (W/m?) and 5.0 x 105 (W /m?) to each block in
the above mentioned circuits, which are typical values in modern CMOS circuits. In
3D packing, four device layers are used for all circuits. The units in the following
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Fig. 6. Thermally optimized floorplanning flow.

results are Area in 1.0 x 10* um?, Wirelength (HPWL) in mm, Temperature in °C,
and Time in seconds (s).

5.1. Thermal impact of leakage power

Tables 1 and 2, respectively, show the impact of leakage power on thermal profile in
2D and 3D floorplanning. Here, we compare the results of temperature with fixed
leakage power (FLP, which equals to the value at 27°C obtained by the model
described in Sec. 3.2) and temperature-dependent leakage power (TDLP). As stated
before, each 3D floorplan has four active layers.

From Table 1, we can see that for the same packings, the average and max
chip temperatures, respectively, increase by about 6.6 and 11.2°C when we take
temperature-dependent leakage power into account. In 3D floorplanning, however,
the max temperature increases averagely by 67.7°C, which is about five times worse
than the number in 2D case. The leakage power and temperature value are inter-
acting with each other and the leakage power increases with the temperature super-
linearly. Since the temperature on 3D chip are more than 100°C, and the temperature
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Thermal impact of leakage power in 2D case.

Temperature (with FLP)

Temperature (with TDLD)

Circuit Area HPWL Avg Max Avg Max Time
Ami33 123.2 58.3 45.0 70.2 7 (+4.7) 81.6 (+11.4) 4
Amid9  3663.0 861.6 38.6 66.8 41 7 (+3.1) 77.8 (+11.0) 10
N100 18.8 191.0 52.8 69.3 60.0 (+7.2) 80.0 (+10.7) 24
N200 19.4 367.1 57.8 70.5 66.6 (+8.8) 82.7 (+12.2) 78
N300 30.0 493.2 58.8 71.2 68.1 (+9.3) 82.1 (+10.9) 136
Avg — — 50.6 69.6 57.22 (+6.62)  80.84 (+11.24) e
Table 2. Thermal impact of leakage power in 3D case.
Max temperature
Circuit Area  HPWL  With FLP With TDLP Error Time (s)
Ami33 39.2 21.1 136.2 212.2 (+76.0) +55.8% 59
Amid9 13929 411.2 128.0 204.8 (+76.8) + 60% 68
N100 5.4 90.9 117.3 175.4 (+58.1) +49.5% 77
N200 6.1 164.6 123.3 187.9 (+ 64.6) 52.4% 321
N300 8.8 224.6 135.7 198.6 (+62.9) 46.3% 450
Avg e o 128.1 195.78 (+67.68) 52.8%
A (ayor0
[__layer1
B ayor2
[ layer3

Fig. 7. The temperature distribution for n300 on four layers.

differences between layers are extreme high. As shown in Fig. 7, the ratio of leakage

power varies greatly for different layers. Without the consideration of dependence of
leakage power on temperature in 3D floorplanning, the temperature estimation can
have about 50% error as shown in Table 2.
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5.2. Impact of thermal-driven floorplanning with
temperature-dependent leakage power

This section shows the effectiveness of our thermally optimized floorplanning flow
in reducing chip temperature and leakage power as described in Sec. 4.2. In our
experiments, we compare the results of the following three kinds of floorplanner:
TF — traditional floorplanner which only optimize chip packing area and wirelength;
TDF-FLP — thermal driven floorplanner which treat leakage power as fixed numbers
during optimization process; TDF-TDLP — thermal driven floorplanner with tem-
perature dependent leakage power considered. Figure 8 shows four-layer packing of
nl00 generated by TDF-FLP with the corresponding temperature distribution.
Table 2 shows that without the thermal driven floorplanning, the maximal tempera-
ture can reach as high as 175°C. While in the packing generated by thermal driven
floorplaning with consideration of leakage power (TDF-TDLP), the maximal tem-
perature can be reduced to 128°C while the area and wirelength are remained without
serious degradation.
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Fig. 8. Four-layer packing of n100 and the corresponding temperature distribution on each layer using
TDF-TDLP.
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Tables 3 and 4, respectively, show the results produced by the above three kinds of
floorplanner in 2D and 3D cases. In these two tables, the columns AvgT and MaxT
represent the average and max temperatures of the whole chip, and the column LP%
shows the proportion of leakage power to total power (total power = leakage power +
dynamic power). All the temperature values in these two tables are measured with
temperature-dependent leakage power. From Table 3, we can see that, on average,
TDF-FLP can reduce average and peak temperatures by 4% and 6% with slight
increase in packing area and wirelength. Compared with TF, TDF-FLP has 5.8% less
LP% results on average. Besides, TDF-FLP needs nearly 6 times more CPU time to do
thermal analysis. Compared with TDF-FLP, TDF-TDLP can further optimize aver-
age and max temperatures by 2% and 4%, and reduce LP% to 11.12% with simnilar
packing area and wirelength. TDF-TDLP needs another more 5 times of CPU time to
do leakage aware iterative thermal analysis. Table 4 shows the results for 3D case.
Compared with TF, TDF-FLP optimizes peak temperature by 18% and reduces LP%
from 37.58% to 26.14% with 7% and 5% increases in packing area and wirelength.
However, TDF-TDLP outperforms TDF-FLP by 11% in peak temperature and nearly
5% lower LP% with about double CPU time.

6. Conclusion

In this paper, we investigate the impact of leakage power on thermal profile in
floorplanning stage and propose an efficient thermal optimized floorplanning flow
with leakage power considered to reduce chip peak temperature and leakage power in
2D and 3D floorplanning. Without the consideration of dependence of lcakage power
on temperature in 3D floorplanning, the temperature estimation can have about 50%
error. Experiment results show that thermal-driven optimization algorithm is
cefficient in reducing chip temperature and saving leakage power consumption.
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