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General remarks 
 
 
This document describes the methods and tools being developed to estimate the thermal 
distribution in 3D System-in-a-Package stacks and 2D System-on-Chips. It focuses on 
describing the local impact of die temperature distribution due to self heating, and the 
description of thermal feedback. The thermal models developed here will be available from 
the early system specification down to the system layout. In order to span all levels of 
abstraction, the individual partner inputs in this task are integrated in a way that thermal 
simulation and thus thermal-aware design is available already from the earliest system 
planning phases and the results can then be handed over to the next level, where the thermal 
distribution can be described with rising accuracy for the cost of rising computation time. 
The results of these activities will serve as the foundation to control the thermal aware 
synthesis automatically and to guide the thermal design space exploration. 
 
The presented work was executed in the context of Task 6.2, which started at month M1 and 
will end in month M30. This document covers the activities in period M1-M12. 
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1 Power-modelling of major system components 
For an accurate thermal map computation, accurate power densities are required. 
 

1.1 Power macro-models for pre-existing IP components 
When realizing a thermal simulation framework capable of driving designers during the 
development of a System On Chips, the utilization of high level system-C, RTL or physical 
models needs to be integrated with a methodology for estimating their power, area and timing 
at all level of the design with even more accurate predictions accordingly with the current 
status of the project. 
The aim of this section is the description of flows, based on state of the art tools, set-up during 
the first year of the project by UNIBO. UNIBO was mainly involved in methodologies for 
estimating the power of the IPs to be utilized in the context of this task, in order to validate 
thermal prediction tools on test case designs and to analyze the impact of adopted floorplan 
strategies on the thermal characteristics of complete 2D or 3D systems (one or more dies, 
package, ambient influence). In addition, the power models of selected IPs will be utilized in 
the context of Task T6.3 “System-level thermal aware design” in order to validate the whole 
thermal simulator developed in this task on a real System On Chip. The power model of 
utilized IPs will be extracted at different level of design as well as the power maps of 
complete systems in different floorplan configuration. A mandatory element in the realization 
of the power models is the compliancy with ST design flows, as those models will be utilized 
to evaluate different floorplan and place & route strategies utilizing ST design flows. 
 
System level power maps 
 
In a first stage of design, when defining the major system components, power models will be 
taken from the IPs datasheets. In this early phase of design each IPs will be assumed as a 
rectangular area with a homogeneous power density inserted in a power map of the whole die 
area. These simple models will be based on average power consumptions. 
 
RTL/Gate level power maps 
 
This estimation is performed after a synthesis of the RTL coded design on a target 
technology. The synthesis on a standard cells library allows to perform a preliminary 
estimation of timing, area, and power consumption of the digital design. At this level of 
abstraction the power estimation considers the power consumption based on an average 
switching activity specified by the user. At this level of abstraction, the switching activity on 
the clock ports of each register in the design is assumed to be 100%, while the consumption of 
the clock tree is neglected. Depending on the technology, based on the characterization of 
standard cell libraries utilized in the design, this analysis can be performed utilizing different 
temperature, voltage and process conditions. A preliminary floorplan definition of the design 
can be performed at this level, allowing to realize a complete power map of the synthesized 
digital system. 
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Electrical/Physical level power maps 
 
Power estimations at electrical/physical level are mandatory to evaluate benefits of all thermal 
gradients reduction techniques implemented at low level of design. In addition, this kind of 
analysis can be performed in order to compare, at this low level of design, techniques utilized 
at early design phase (e.g. power aware synthesis of accelerators), against standard synthesis 
techniques. Given a place & routed design database (described by .gds, .lef, .def. lib and .v 
files) the realized flow estimates its power consumption and density performing two kinds of 
analysis: a static power analysis and a dynamic power analysis. The basic difference between 
those estimation resides in the fact that when using a dynamic power analysis the switching 
events of each cells on the design is scheduled with a deterministic model, that allow to 
consider each power contribution in the exact instant it actually occurs. On the other side 
when using a static power analysis, the switching activity scheduling is calculated, with 
respect to the rising edge of the clock, with a statistical model. 
 
Static power analysis 
 
This power estimation methodology allows to realize power maps of a chip, based on a 
statistical model utilized to determine the schedule of a switching event which cause the 
elementary power consumption. This methodology considers local voltage drops giving an 
accurate temporal and spatial estimation of the whole design power consumption. The utilized 
model is based on a timing windows methodology, and is summarized in Figure 1.  
Each cell in the design belongs to a combinational path which starts from the output of one or 
more flip flops and ends to the target cell. The time elapsed between the rising edge of the 
clock and the switching event of the target cell depends on the propagation time of the 
combinational logic between the flip flop and the target cell and can be characterized with a 
delay time and a slew time. Thus, considering all input configurations of the combinational 
logic, we have a set of different delay times and slews on both falling and rising transitions. 
This model implies that after each rising edge of the clock switching event is statistically 
triggered by the simulation engine inside this timing window.  
The complete static power analysis flow is represented in Figure 2. The first step is the 
extraction of the parasitic of each cell and net of the design, and is performed with Synopsys 

 

Figure 1: Timing windows characterization 
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StarRC. Parasitic associated to each net and cell in the design are annotated and utilized in the 
next steps of the analysis. First, based on the extracted parasitic, the flow performs a timing 
analysis utilizing Synopsys PrimeTime. The result of this analysis is further elaborated by a 
custom tool which extracts the parameters utilized to determine the timing windows of each 
cell. On the other tree of the flow a power analysis allows to determine, based on an estimated 
toggle rate specified by the user, the average power consumed by each cell instance of the 
design. The exported power report is then converted and each cell is being annotated with its 
average power consumption and its voltage drain and ground net. Finally, Apache RedHawk 
performs the chip power analysis. The analysis considers voltage degradation caused by 
package and wire bonding, using a spice model of the package defined by the user. In addition 
it extracts and annotates all parasitic presents on the voltage drain and ground rails. Dynamic 
effects such as local voltage drops are thus considered utilizing the parasitic information 
together with the timing windows methodology to trigger the switching events. This method 
is applied to each cell of the design for each temporal step, and allows to generate different 
maps, considering peak power consumption of each point of the die, power evolution of a 
specific point of the design, up to a film showing the evolution of the whole power map for all 
temporal steps. This model neglect events triggered by functional behaviors of the device. For 
instance, this model is not able to cut the power contribution of clock tree portions wherever 
gating is applied. On the other side it is possible to specify throw a parameter gating activity 
an average value to consider this contribution. It should be finally noticed that neither the 
input configuration of the target cells, nor the actual vdd and gnd values (considering voltage 
drop) are considered when calculating the power contribution of each cell, which is 
approximated with a triangular shape of different size depending on the average power 
consumption of the same cell. 
 
 
 
 

 

Figure 2: Static power analysis flow 
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Dynamic power analysis 
 
This power estimation methodology allows to utilize a deterministic model to realize even 
more accurate power maps of a chip, considering with greater accuracy dynamic behaviors 
and effects depending on application dependent functionalities of the chip. 
In order to have accurate profiles of the current drained by each cell of the design a 
preliminary step is performed on all the cells and memories of the design. This step consists 
of parametric spice simulations, and allows to characterize the current profile and the 
decoupling capacitance of each cell. The simulations are performed varying three parameters, 
in order to have accurate profiles thus allowing to estimate dynamic effects affecting power 
densities on all the die surface. These parameters are the input transition, the inputs 
configuration and the supply voltage. This means that, taking as example a 2 input AND, this 
analysis is performed for all input configuration (A=0�1, B=0; A=0, B=0�1; A=1�0, B=0; 
…) considering different transition times for the switching input, and different voltage 
supplies (Vdd=1, Vdd=0.975, Vdd=0.95…) to take in account voltage drop impact on power 
densities. 
On the other side, information about switching of each cell is strictly dependent on the chip 
functionality when running an application. Information of switching activity are contained on 
a Value Change Dump (VCD) file which include the activity of all the cells of the design. 
This file is generated by the flow performing a simulation on a post layout gate level back 
annotated netlist, realized annotating delay times on the verilog netlist after the parasitic 
extraction. 
The dynamic power analysis performed by Apache RedHawk analyze the VCD file for each 
temporal step, allocating for each cell the right current profile depending on inputs 
configuration (read by the VCD), input transitions (calculated from extracted parasitic), and 
the actual voltage on the supply pins of each cell (calculated iterating the current profile with 
the supply voltage, given the calculated decoupling capacitance). Also in the case of dynamic 
analysis it is possible to generate different maps, considering peak power consumption maps, 
power evolution of a specific point of the design, or a film showing the power map evolution. 
 

 

Figure 3: Dynamic power analysis flow 
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1.2 Characterization of 3D interconnect macro models 
 
When using 3D chip communication techniques (such as TSV, capacitive coupling, pillar 
bumps) in a design, a problem that has to be solved is the integration of such structures in 
standard design flows. In particular, when speaking of models for power consumption 
estimation or for thermal analysis, it is necessary to have such 3D connections treated as 
macros, containing all the necessary data needed for CAD tools to correctly compute the 
timings, power and thermal model of the considered design. 
In order to obtain such macros an electrical characterization of the 3D interconnections and all 
the necessary views (.gds .cdl .lib .def .lef) are needed. Since a standard extraction flow for 
these models has not yet been implemented or integrated in the available CAD software tools, 
an ad-hoc automated procedure has been conceived. The realized procedure consists in a flow 
based on commercially available CAD tools, able to electrically characterize different kinds 
of  3D interconnect, performing RF, electrical or physical simulations depending on the kind 
of interconnect (resistive, capacitive, inductive) merging all the necessary data in a coherent 
model compatible with place & route tools. Some intervention by the user, though, is 
necessary, depending on the kind of interconnection considered. 
Starting from a 2D layout design of the 3D interconnection (which can also include the 
interface circuitry) the .cdl, .gds, .lef, .def files can be extracted. Then a post layout parasitic 
extraction is computed through StarRC. The output files are then modified in order to extend 
the 2D representation in the desired 3D structure and then are adapted to have them suitable 
as input files for Raphael NXT or Agilent Momentum depending on the kind of analysis. 
Through this procedure an accurate 3D parameters extraction is obtained. Subsequently 
extracted data is fed as input in Eldo for the electrical characterization of the macro; as an 
output, signal propagation timing and power consumption are obtained. Finally 
characterization data can be included in a .lib file. 
At the end of the flow, all the files can be loaded in the desired CAD tool thus defining the 3D 
interconnection as a black-box component, seamlessly with the rest of the standard 2D 
components in the design. The integration of 3D technology in the modeling process of power 
consumption and thermal analysis may then be achieved. 
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1.3 RT-Level components with reduced output bitwidths and constant inputs 

This sub-section summarizes the enhancements made to the PowerOpt high-level synthesis 
tool to improve the estimates for area, delay and power consumption of custom hardware 
blocks.  

To implement a power and timing estimation which is usable in the context of the 
Therminator project, it is necessary to use abstract component models as they greatly reduce 
the necessary estimation runtime based on simulation. Normally the following parameters are 
used to calculate the power and timing values for a given component: 

• Bitwidths of the inputs 

• Information about the input patterns 

• Temperature 

• Time 

• Supply voltage 

For standard components these models are quite effective and deliver an accuracy of less than 
10% deviation with respect to the characterized values. Figure 5 and Figure 6 show the area 
and delay values of a delay optimized ADD component synthesized with a 65nm technology. 
The Variable_unit values are the actual values of the components having two variable inputs 
A and B. As it is easy to see the standard model values (Constant_unaware_model) fit the 
actual component values quite good. 

 

 

 

 

Figure 4: Dynamic power analysis flow 
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Figure 5: Area of delay optimized ADD components 

But if one of the inputs is not variable and rather is connected to a constant value the logic 
synthesis tool can apply optimizations by removing unnecessary gates, exchanging gate for a 
different type and forwarding the input data deeper into the components design. These 
optimizations of course have a direct influence on the gate-level design and therefore on the 
area, delay and power values of the synthesized component. 

 

Figure 6: Delay of delay optimized ADD components 

Figure 5, for example, shows the area discrepancy between a variable unit component and a 
unit with a constant input B. As the standard models do not consider whether an input is 
constant this leads to a significant overestimation of area, delay and power values. To 
improve the component models we did an intensive comparison between variable input 
components and components with different constant values at one input. We used constants 
with a weight of 0, 1, the half and full size of the constant bitwidth. As components we 
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compared area/delay optimized adder (ADD) and different compare (CMP) components. 
Except for some special cases like an addition with a constant 0 the reduction in area and 
delay was quite uniform across the different values. This allowed us to generate new 
component models which can be triggered by just the fact that a constant is connected to one 
of the inputs and without the need to check the actual value which simplifies the estimation in 
the models significantly. In our new component models we use a scaling factor to adapt the 
area, delay and power values of the standard models which gives us a mean deviation of less 
than 5% in regard to the synthesized unit with a constant input. 

We also adapted the component models for the logical units like AND, NAND, OR, NOR, 
XOR and XNOR. As a logical operation between a variable and a constant can be simplified 
into just forwarding input bits and/or inverting the other bits the new component models can 
be generated by combining the characterized data with the data of the inverter (INV) 
component. 

Regarding the already mentioned special cases which can't be represented with a scaling 
factor these are already handled during the optimizations inside of PowerOpt. For example an 
addition with a constant 1 can be remapped onto an increment operation and an addition with 
0 can be removed completely without changing the results of the overall calculation. 

Modeling multipliers  

Multipliers need special attention as they consume significantly more power compared to 
other register-level components as discussed above. Constant inputs of multipliers don’t have  
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Figure 7: Power consumption of multipliers 

To be characterized. Instead, if one of the multiplicands is constant the multiplication can be 
remapped onto shifts and additions. A multiplication with a constant 16 for example can be 
done by just shifting the input vector by 5 bits. This transformation is already performed at 
the CDFG level as the replacement with shift and additions might result in further 
optimization potential (like common sub-expression elimination).  

Another characterization problem of multipliers arises due to limiting the output bitwidth of 
the multiplication result. In certain design situations the full output bitwidth of a 
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multiplication operation is not required. For example, an integer multiplication using three 32-
bit integer variables: 

 int a, b, c; 

 … 

 a = b * c; 

will result in a multiplier having a reduced output bitwidth of 32-bit (instead of the full 64 
bits). The Figure 7 demonstrates the impact on the power consumption when output bitwidths 
are reduced. The figure shows multipliers with symmetric input bitwidths of 8, 16, 24, and 32 
bits. The ‘full bitwidth’ case has as output bitwidth the sum of the input bitwidths. In the 
‘reduced’ case, the output bitwidth matches the input bitwidth. As can be seen, especially for 
larger multipliers the output bitwidth reduction has a large impact on the power consumption. 
This dependency is separately characterized in PowerOpt to deliver improved estimation 
results. 

Summary 

The enhancements described above for improved power and timing estimation of the custom 
hardware enable us to generate improved results within the Therminator flow. 
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2 System-level thermal prediction of 2D SoCs 
A lot of effects need to be handled in recent flows to design and optimize integrated circuits. 
On the one hand nanometer-scaling leads to high power densities that needs to be dissipated 
by the IC package and/or cooling techniques. On the other hand long-term effects such as an 
accelerated aging of circuits are leading to a reduced reliability. In all cases the temperature 
plays a key role, it raises leakage currents exponentially and boosts aging effects such as 
NBTI and electromigration. Vice versa, the temperature also depends on these effects, either 
directly by increased power densities, or by secondary aging-effects such as modified 
threshold voltages. 
In this work we will propose a thermal- and aging estimation flow starting with a behavioral-
level design description in SystemC. The design is power-estimated and together with an IC 
package description it is iterated through different tools in order to regard electro-thermal 
coupling, voltage drops in the supply grid, as well as long-term aging induced changes of 
threshold voltages. Our flow integrates existing methodologies/tools from the energy-, 
thermal-, and reliability-estimation domain and links them to work together. It addresses 
typical system-in-a-package designs containing custom hardware, software executed on 
processor cores, as well as IP blocks and is also capable to handle advanced 3D integration 
techniques. 
 
A coarse overview on the flow is indicated in Figure 8. Traces of important design metrics are 
gathered by a simulative system-level power estimation approach for all design parts under 
real testbenches and with special attention to their interaction. The latter is important to 
identify different power modes and active/idle periods of those. These traces are stored in a 
voltage and temperature independent way by capturing effective switched capacitances and 
nominal leakage currents. A second input is a floorplan of each active layer in the die stack, 
which is either provided by an appropriate tool at gate-level or is user-specified with a block-
level granularity. 
Together with a 3D package description (provided by the package modeling task) describing 
the design and used materials they serve as input to a first inner iteration loop. In this loop the 
correlation between power-, temperature- and voltage drop values is iterated until a 
preliminary steady state is reached. In detail, a thermal estimator creates a 3D heatmap based 
on the power estimates and package description. In parallel an IR drop map is created 
defining the reduced voltages at the middle of the supply rails. 
During the first run of the inner loop, initial values are assumed for temperature and supply 
voltage, and aging induced effects are neglected. The outcome of the first run is then used to 
refine the power values due to self-heating and electrothermal coupling effects induced by 
sub-threshold current. A steady state of the inner loop is reached after few runs. 
In a second outer iteration loop aging-effects of the circuit such as changes in the threshold 
voltage are regarded that are induced by high temperatures over a long period of time. 
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Figure 8: Overall thermal and aging prediction flow 

2.1 Simulative high-level power estimation approach 
Power estimations of interacting system parts within a SoC are mandatory inputs to drive the 
thermal estimation. Thus to be able to do a system-level thermal prediction corresponding 
power estimates of all system components are necessary. For this reason we use a power and 
timing estimation approach shown in Figure 9. It has initially been proposed in the FP7 
COMPLEX project [1] and is adapted to fulfill all requirements. In the following the flow will 
be described and summarized. 
The overall power estimation flow shown in Figure 9 follows the platform-based-design 
approach, with a separation of application, architecture, and HW/SW mapping description.  
Inputs to the flow are a specification of system, an architecture/platform description, a 
HW/SW mapping, and corresponding input stimuli. The system specification defines the 
behavior of parallel tasks or processes in SystemC independent whether they are implemented 
in HW or SW. The architecture/platform description consists of pre-existing IP components 
like processors, busses, hardware accelerators and memories, while the application describes 
how these resources are used to implement certain system functionality.  
In order to allow a fast simulation of the overall design example and to get accurate 
power/timing estimates, the behavioral task descriptions are enriched by power and timing 
values that are obtained using existing and sophisticated tools. For example, HW components 
that are chosen to be implemented in custom ASIC hardware are characterized by 
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ChipVision’s PowerOpt tool. For SW tasks an instruction-set simulator, enriched by 
instruction costs as proposed in [4], is used to characterize the SW task in terms of power and 
timing. For IP components, such as memories, models are built based on datasheets or 
dedicated characterization tools such as CACTI [5]. Based on the estimation an augmented 
version of the component is created, containing a power and timing model of the component. 
From all of these annotated components a virtual prototype is generated. This prototype is 
then fed with the system stimuli and the obtained simulation traces are used to get estimations 
for the power consumption and timing of the overall system. 
 

 

Figure 9: COMPLEX power estimation approach 

To annotate non-functional properties to the different SoC components two different 
techniques are used dependent on whether the whitebox description of these components is 
available or not. Blackbox components such as software that is only available in binary code 
or hardware IP with different power modes are modeled via Power State Machines (PSM). If 
the source-code of a SW task is available it can statically be analyzed and annotations to the 
source-code can be made (here referred as “Basic-block annotated C++” (BAC++)). If the 
source code is assigned to be implemented in HW a behavioral synthesis (indicated in Figure 
10) can quickly build a datapath at RT-level. At this level fine-grained temperature-aware 
power- and timing-estimation (see [6] and [7] for model details) can be made, that in turn can 
be annotated to the behavior description using the same BAC++ mechanism 
 
For the latter case Figure 11 shows a simple example of a behavior (to compute the faculty of 
value) that is assigned to be implemented in ASIC hardware. This task behavior is read by 
PowerOpt, synthesized to RT-level, characterized, and the timing and power annotated HW 
module is written as shown. 
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Figure 10: HW estimation within PowerOpt 

It can be seen that energy is not directly annotated in Joule but the switched capacity is 
annotated instead. These capacitances are later converted to energy values under 
consideration of the current supply voltage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

void 
faculty(int in, int &out) { 
   int result = 1; 
   while (x>0) { 
      result *= x; 
      x--; 
   } 
   out = result; 
   return; 
}  
 

void 
faculty(int portIn0, int &portOut0) { 
   int reg0; 
   int reg1; 
   int tmp0; 
   int tmp1; 
   int tmp2; 
   reg0 = portIn0; 
   reg1 = 1; 
   tmp0 = reg0>0; 
   observer.consume(1 cycle, 5 nF); 
   while(tmp0) { 
      tmp1 = reg1 * reg0; //Cycle 1 
      tmp2 = reg0 – 1;      //Cycle 1 
      reg0 = tmp2;            //Reg. update 
      reg1 = tmp1;            //Reg. uptate 
      tmp0 = reg0>0;        //Cycle 2 
      observer.consume(2 cycles, 13 nF); 
   } 
   observer.synchronise(); 
   portOut0 = reg1; 
   return; 
} 
 

Figure 11: Behavioural power and timing annotation to a simple example design 
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In addition to the annotations related to the functionality or behaviour, non-functional 
annotations are made for each process such as temperature-dependent annotations for leakage 
currents. As a result of this flow we obtain control-flow-dependent energy-over-time traces 
for each system component independent on their internal structure and orders of magnitude 
faster than gate-level estimations. 

2.2 SoC package modeling 
Thermal distribution within an integrated circuit package does not only depend on the power 
dissipation of the active layer but also on all materials in its environment, especially those 
responsible to transfer the heat such as the thermal interface material, heat spreader or heat 
sink. Figure 12 shows an intersection through an IC package and its main materials. In the 
context of thermal distribution three physical parameters are of importance: material density 
ρ, heat capacity c, and thermal conductivity κ. 
 
For these reasons a three-dimensional package model needs to be defined to enable its 
consideration within the thermal simulation besides the active layer powermap. If a design is 
already fixed and the system synthesis is no longer in the design exploration phase, the 
package defines further degrees of freedom. A design space exploration can trade of different 
package types and materials offered by the fabrication process, attached heat sinks, and can 
consider the package boundary conditions such as the temperature or the impact of an 
underlying PCB layer. On the other hand, if the design exploration phase of the system 
synthesis is still ongoing it can be extended by parameters of the package and applied 
materials. 
In the following we will present an object-oriented approach implemented in Matlab to 
describe an IC-package and its boundary conditions indicated in Figure 12. This approach 
allows a designer to easily define a package at a very high level in an easy way by defining 
the geometrical properties and materials of all package parts. 
 

 

Figure 12: IC-package overview and materials 
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Figure 13: Class-diagram of package description 

Figure 13 shows a class-diagram of the package description and gives an overview on the 
package parts considered in this approach. The package as topmost design entity may consist 
of different layers or circumjacent materials: 
 

• PackageToBoardInterconnect: An IC-package is connected to the printed circuit board 
either mounted to the surface (SMD) or through holes (THT). This interconnect 
includes pins or balls in a defined pitch. In a more abstract view the interconnect can 
be seen as a layer of a dedicated material.  

• PackageSubstrate: The package substrate is typically a leadframe made of copper or a 
printed board that holds the die stack. The pads of the stack are either bonded to the 
substrat vie gold wire or the flip chip technology is used to connect the die. 

• DieToPackageInterconnect: This layer connects the die stack to the package substrate, 
e.g. by a fine grained ball grid array. 

• DieStack: A die stack is a stack of different components. These components are either 
layers such as spacer-, interconnect- or active-layers, or are components such as 
through silicon vias. The die stack can be created by these different layers in a flexible 
way. 

• HeatSpreader: The heatspreader, mostly made of copper or aluminum, is directly 
mounted between the heat sink and the die. It protects the die and distributes the heat 
over a larger surface. 

• ThermalInterfaceMaterial: The thermal interface material is a fluid substance with a 
high thermal conductivity. They are mostly made of beryllium oxide, aluminum 
nitride or aluminum oxide, and may be put between die stack and heat spreader as well 
as between heat spreader and heat sink. The material increases the thermal 
conductivity of a thermal interface by compensating surface imperfections of the 
components. 

• BoundaryCondition: The boundary condition of a package contains materials to all 
directions of the package: north, east, south, west, top and bottom. To all horizontal 
sides the material is normally defined as ambient air at a specific temperature. The 
bottom boundary condition is defined as the Printed Circuit Board (PCB) layer the 
package is connected to. Its physical properties depend on the number of interconnect 
and copper layers within the multi-layer glass-epoxy and can be pre-computed via the 
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Bcond-tool, a public available thermal conductivity calculation tool for PCBs [10]. 
The boundary condition to the top side may either be ambient air to or a larger heat 
sink. 

 
The generic approach is flexible and should cover a lot of standard IC packages. In some 
cases not all layers are present and necessary. 
 
Listing 1 shows the definition of different materials used in the package description. All 
materials are defined by a name, density, heat capacity, and its thermal conductivity. All 
physical constants of these IC package materials as well as Ball Grid Array (BGA) package 
attributes are taken from the Intel packaging databook ([2], [3]). The physical parameters of a 
typical printed circuit board have been computed [10]. Thereby it is assumed that the PCB is 
made of glass-epoxy and copper, with an average amount of traces, holes, and vias. Eight 
copper layers of perpendicular directions and two continuous layers of copper are assumed of 
a copper thickness of 34µm. The full sample has a thickness of 0.147cm. All of these typical 
materials are also used for evaluation. 
 
An example package description using these materials is shown in Listing 2.  
 

 

 
  
An export to the Povray raytracer visualizes the package description. An intersection through 
a corresponding package is shown in Figure 12. 
 
The package creation using this approach defines relative placement information between all 
different layers and materials. To use this package description in the thermal simulation tool 
described in the following section, it has to be converted into a three-dimensional network, 
often referred to as RC-networks due to analogies to electronic circuits including their 
resistances and capacitances. Thereby the pitch size of each matrix element in x-, y-, and z-
direction is of major importance. If there is no intersection between different materials for all 
three dimensions the physical parameters density, heat capacity, and thermal conductivity of 
every block are clearly defined by one material (left case in Figure 14). In the case a 
discretised block intersects different materials the physical parameters of this block are 
computed as follows. 
 

Listing 1: Material set used in the package description 



THERMINATOR FP7 ICT – 2009.3.2 - 28603 D6.2.1  

Page 26 
 

 

package = Package(); 
package.width  = 180000;  % in nm -> 1,8cm 
package.length = 180000;  % in nm -> 1,8cm 
 
%=========== PACKAGECONNECT==================== 
packageConnect = PackageToBoardInterconnect(); 
packageConnect.setMaterial(solder_material3); 
packageConnect.setSize(180000,180000,10000); 
package.packageConnect = packageConnect; 
 
%=========== SUBSTRATE ======================== 
packageSubstrate = PackageSubstrate(); 
packageSubstrate.setMaterial(case_material1); 
packageSubstrate.setSize(180000,180000,10000); 
package.substrate = packageSubstrate; 
 
%=========== DIECONNECT======================== 
dieConnect = DieToPackageInterconnect(); 
dieConnect.setMaterial(case_material6); 
dieConnect.setSize(100000,100000,5000); 
package.dieConnect = dieConnect; 
 
%=========== DIE STACK ======================== 
dieStack = DieStack(); 
 
% define die stack from bottom to top 
dieInterconnect = Interconnect(100000,100000,5000);  
dieInterconnect.setMaterial(case_material6); 
dieStack.putComponent(dieInterconnect1); 
 
activeLayer = ActiveLayer(148,100000,100000,5000); 
activeLayer.setMaterial(materialSilicon); 
dieStack.putComponent(activeLayer); 
 
dieSubstrate = DieSubstrate(); 
dieSubstrate.setMaterial(materialSilicon); 
dieSubstrate.setSize(100000,100000,5000); 
dieStack.putComponent(dieSubstrate); 
package.dieStack = dieStack; 
 
%=========== MOLD COMPOUND ==================== 
moldCompound = MoldCompound(); 
moldCompound.setMaterial(case_material3); 
moldCompound.setSize(180000,180000,10000); 
package.moldCompound = moldCompound; 
 
%=========== THERMALINTERFACEMATERIAL ========= 
thermalInterfaceMaterial = ThermalInterfaceMaterial (); 
thermalInterfaceMaterial.setMaterial(tim_material1) ; 
thermalInterfaceMaterial.setSize(120000,120000,5000 ); 
package.thermalInterfaceMaterial = thermalInterface Material; 
 
%=========== HEATSPREADER ===================== 
heatSpreader = HeatSpreader(); 
heatSpreader.setMaterial(case_material6); 
heatSpreader.setSize(140000,140000,10000); 
package.heatSpreader = heatSpreader; 
 
%=========== BOUNDARY CONDITION =============== 
boundaryCondition = BoundaryCondition(); 
boundaryCondition.setMaterialTop(heatsink_material1 ); 
boundaryCondition.setMaterialBottom(pcb_material1);  
boundaryCondition.setMaterialNESW(boundary_material 1); 
boundaryCondition.setSize(20000, 20000, 20000); 
package.boundaryCondition = boundaryCondition; 
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Figure 14: Discretisation of the package 

The given example is simplified to two dimensions but the approach can also be used for 
cubicles. The density ρ m of the meta-material for the marked block in Figure 14 is defined as 
the weighted density of all three different materials within this block: 

332211 ρρρρ ⋅+⋅+⋅= wwwm . The weights wi are defined by the size of the covered area of 

the materials. Thus, for the given example, ρm evaluates to 321 9

2

9

4

3

1 ρρρρ ++=m . 

The heat capacity cm of the metamaterial follows the same approach and is defined as 

321332211 9

2

9

4

3

1
ccccwcwcwcm ++=⋅+⋅+⋅= . 

For the computation of the thermal conductivity κm the marked block is divided into smaller 
subblocks that only consist of one material as shown. Then for all directions (x and y) a new 
κm=(κx, κy) is defined.  
 

 
  
The power distribution within the components of the active layer is distributed uniformly 
because the power estimation is done at system-level and a more fine grained view is not 
available. Additionally, in the current implementation, placement-information can only be 
considered at system-level. To increase the accuracy of the thermal distribution within single 
components of a die and to optimize these components in terms of thermal hotspots, gate-
level placement-information is necessary. Up to now a coarse-grained block-level floorplan is 
used for the evaluation. Later in the project it will be replaced by a placed gate-level netlist 
that will be obtained by synthesizing the RTL-output of PowerOpt. 
 
 

Listing 2: Exemplary high-level package description 
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2.3 Consideration of electro-thermal coupling of sub-threshold currents 
The power modeling task in the proposed flow has to translate the simulation traces to power 
estimates that can be used in the thermal estimator. A key issue of this task is to consider 
electro-thermal coupling effects.  
To get a power density map in this approach, the switched capacitances and leakage currents 
are mapped to the appropriate blocks in the floorplan. Then, for each block of the floorplan, a 
dynamic power estimate is obtained under consideration of the supply voltage at the blocks 
position in the die. Additionally the nominal leakage currents are scaled by the local 
temperature (temperature dependent leakage only), threshold and supply voltage as described 
in [11]. The sum of all three power sources defines the power density map as shown in Figure 
16 and drives the thermal estimator and the voltage drop computation. This is done for all 
active layers within the die stack.  
 
The voltage used for each active element of the package depends on the distance to the next 
supply source. Thus we compute the loss of the supply voltage (IR drop) over the supply 
wires for each element. The model we use is an equivalent circuit with a nominal voltage 
supply at both ends of each standard cell row and with each wire having a resistance which 
can later be influenced by aging (i.e. electro-migration).  
 
In conclusion the consideration of electro-thermal coupling is handled iteratively. At each 
iteration step we obtain the power map, compute from this the current of each element and 
finally the IR drop using the wire resistance. The updated voltage map can then (for the next 
iteration) be used to compute a new dynamic and static power map. More details on this 
approach are presented in [8].  
 

2.4 High-level thermal simulation tool 
Temperature is the most important parameter for aging, thus the thermal simulation is 
essential for aging simulation. The equation, describing the temperature distribution is shown 
below. The material constants are density ρ m, heat capacity CT and thermal conductivity κ. 

 
 
There are many ways to solve this equation and to compute the temperature [15]. So for our 
work it is also possible to use one of the available thermal simulation tools like the open 
source Hotspot [9]. But the main problem is that the thermal estimator is in the first iteration 
loop of Figure 1 and in every iteration the temperature map is derived with new values. So our 
goal is a fast thermal estimation, to speed up the whole simulation. To achieve this speed up 
we use the idea of the ”Green Function” [14]. Green is a very fast way to update the 
temperature of the active layer. For more details we refer to [8]. Our estimator works as 
follows: first we derive the temperature of the system package with a singular test power 
source in the active layer. This is done by a alternating direction implicit (ADI) 
implementation in MATLAB. The result is the green function, which describes the thermal 
behavior of the package. Such an example result of a Green Function is shown in Figure 15. 
As long as the package fulfils certain symmetry assumptions, Green function based results 
can be very accurate compared to numerical ones. This must just be done once for each 
possible package can then be stored for later use. The final temperature distribution can then 
be derived very efficiently by a convolution of the green function with the power map. This 
superposition performs is much better than a numerical solution of the differential equation 
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shown above. Through this approach it is possible to estimate the temperature every iteration 
and thus simulate the electro-thermal coupling. 
 

 

Figure 15: Green function 

 

2.5 Aging computation 
In principle, integrating aging effects into a process variation aware power, timing and 
temperature prediction flow is almost for free. Aging effects either result in a slow 
degradation of certain process parameters like NBTI, which is increasing the threshold 
voltage of PMOS transistors or result in a spontaneous permanent failure after a long 
accumulation time, like dielectricity breakdown. In practice, there are two major hurdles when 
integrating aging simulation to a simulation flow. At first, there is an interaction between all: 
power, temperature, voltages, process variation, and aging. This can be accurately regarded 
iteratively as presented in Figure 8, which is an augmented version of the well known 
electrothermal iteration presented in [13]. The second major hurdle is the huge timescale 
discrepancy: Even though the basic block technique is even faster than conventional SystemC 
simulation, it performs clearly below real time1. Aging effects occur after years, thus 
exhaustive simulation is prohibitive. This problem is solved by a statistical approach, 
accurately described in [8]. The basic idea is, that the system is observed for just some typical 
short periods, and that aging is extrapolated over a long period (in the order of weeks or even 
month), based on this observation. After aging took place over this long period, the system 
(especially its self heating) is re-evaluated to describe the aging of the next long period, etc. 
After each evaluation period the parametrical and functional behavior of the aged system is 
evaluated, till a defect is detected. Repeating this evaluation for a huge number of systems 
with a typical distribution of initial process variations [11] gives a statistical lifetime 
distribution of a system. 

                                                
 
1 Simulating one second of the systems lifetime will usually take more than one second on the simulating 
machine 
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2.6 Application of the flow 
The overall flow has been applied to a sample design shown in Figure 16. The design consists 
of processor core in the top-left corner, two ASIC hardware blocks in the bottom and bottom 
right, two memories at the left bottom and right top corner with a uniformly distributed power 
density and a small analogue block at the bottom. 
 

 
Figure 16: Power density of design example 

For the first run of the entire flow the simulative power estimation flow will provide the 
switched capacitance (Figure 17 (a)) as well as nominal leakage currents (Figure 17 (b), (c)) 
to compute the dynamic and static power consumption respectively. The latter are separated 
into subthreshold and gate-leakage currents to individually consider the temperature impact. 
The temperature, supply voltage, and threshold voltage are set to initial values, uniformly for 
the overall die area. 
Additionally the package-dependent green-function (Figure 15) is built in advance. This 
process takes several hours but has to be done only once for each package design and is 
independent on all dynamic parameters such as supply voltage, and threshold voltages. 
After the first run of the inner loop the temperature has evaluated to a heatmap. Changes of 
the temperature compared to the initial value of 300K are shown in Figure 18 (a). In the 
following loops all values saturate to a steady state within very few steps. After the third run 
for example the temperatures only change by values less than 0.05K as shown in Figure 18 
(b). 
Once the green-function has been built the execution time of one loop iteration is in the range 
of seconds. The steady state temperature after the third run is shown in Figure 19 (a) and the 
corresponding supply voltage map in Figure 19 (b) respectively. 
 
This flow is applied to every operation/power mode and the resulting temperature- and supply 
voltage-maps are fed to the aging computation described in [9] to finally feedback aging-
induced changes in the threshold voltages and to refine the estimation results. 
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Figure 17: Initial values to inner iteration loop 
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Figure 18: Temperature changes after 

  

 

Figure 19: Steady state supply voltage map and temperature after third run 
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3 Simulation of thermal distribution in 3D stacks based on 
powermaps and targeted to 3D TSV technology 

 

3.1 Introduction thermal challenges for 3D integration  
 
3D stacking of dies is a promising technique to allow miniaturization and performance 
enhancement through the reduction of interconnect lengths in electronic systems [16]. 
Thermal management issues in the 3D stacks are considered to be one of the main challenges 
for 3D integrations [17]-[22]. The use of poorly thermally conductive adhesives, the vertical 
integrations of the chips and the reduced thermal spreading due the aggressively thinned dies 
cause these thermal managements issues. In the case of hot spots, these thermal effects are 
even more pronounced. As a result, the same power dissipation in a 3D stack will lead to 
higher temperatures and more pronounced temperature peaks in a stacked die package 
compared to a single die package. The complexity of the interconnection structures, back end 
of line structures and through-Si vias increase the complexity of the conductive heat transfer 
paths in a stacked die structure. Dummy vias and inter-tier connections can be used to 
increase the vertical heat transfer through the stack and reduce the temperature peaks in the 
die [18], [23]. To understand the effect of these TSVs and inter-tier connections, a detailed 
study of the heat transfer in 3D stacks, including the TSVs is needed. 
 
These issues make it clear that thermally-aware design rules are required for such 
architectures. As a consequence, the need of providing fast and easy-to-use methods to assess 
the temperature distribution in the silicon dies becomes pressing. 
 
For this study, 3D stacked ICs using through-silicon vias (TSVs) are considered. In this 
approach the connection is achieved by copper to copper bonding. A schematic of the 3D-SIC 
architecture is shown in Figure 1 and an in depth description of the 3D-SIC process can be 
found in [24] and [25]. 
 

 

Figure 20: Schematic cross section of the 3D integration using through Silicon vias [24] 
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3.2 Thermal compact model approach 
 
Several approaches can be used to determine the temperature distribution in a structure in 
which power is dissipated: experimental, analytical, and numerical methods based on 
commercial software codes such as the Finite Element Modelling (FEM) analysis. The 
experimental method allows to determine the temperature in the real case application; on the 
other hand this method is time consuming, costly, and only a limited number of structural 
variations can be considered. A purely analytical approach provides an exact theoretical 
solution to the problem and it has also the advantage of giving indication on the impact of the 
various geometrical and physical parameters involved in the problem. However, it can only be 
used for simplified geometries. [26] provides an overview of the usefulness and limitations of 
analytical formulas that can be used to study the thermal effect of thermal spreading. The 
finite element modelling [27] gives a good approximation of the solution, various cases can 
be analyzed in a reasonable time, and the analysis of more complex structures is possible. 
Nonetheless, if needed for identifying design rules, exploration of different design options or 
to be coupled in the thermal aware design loop, this approach is too time-consuming since a 
new model needs to be constructed for each case. 
 
In this work, a parameterized compact thermal model, based on FE simulations is developed 
for the temperature prediction in 3-D stacked architectures for microelectronics devices. The 
method allows calculating the thermal distribution due to hot spots in the die stack in a fast 
and accurate way. Parameters of the compact model include the structure geometry, the 
thermal properties of the materials involved and the effects of the presence of a package 
resistance. The compact model uses the power maps of the different levels in the stack as 
input and calculates the temperature distribution in all those levels. To allow fast calculations 
of the temperature profile, 2 numerical techniques are used: the unit cell approach and the 
mirror approach. 

3.2.1 Unit cell approach 
The heat sources are discretised in unit cells for the power dissipation. Based on finite 
element simulations, the temperature distribution in the different chips, is first derived for 
power dissipation in a unit cell. Larger hot spots are being formed by the summation of the 
contributions from different unit cells (Figure 21). The grid size determines the granularity of 
the power distribution. The granularity of temperature sampling, instead, is only limited by 
the computational availability. Using this approach, the same expression for the temperature 
distribution can be used in the case of large hot spot by superposition of the temperature 
distributions of the different unit cells comprised in the considered heat source. 
 

 

Figure 21: Sketch of the unit cell concept 
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3.2.2 Mirror approach 
Form the finite element simulations, the temperature distribution is extracted for a power 
dissipation in the centre of die stack with infinite dimensions. In this way, the size of the chip 
and the location of the hot spot do not influence the temperature distributions and a general 
expression can be derived. Using the mirror approach, the expression for the temperature 
distribution in the centre of the infinitely large chip can used to calculate the temperature 
distribution for any chip size and for any location of the hot spot on the finite chip. If the sides 
of the stack are assumed adiabatic (i.e. no heat losses through the sides of the stack), the edges 
of the stack can be considered to be mirrors for the heat sources (Figure 22). To calculate the 
total temperature profile in the chip, the contributions of the temperature profile of all 
mirrored elements are added to the temperature profile (for infinite die size) of the die itself. 
In Figure 23, the mirror approach is illustrated for hot spot in the upper right corner of a finite 
chip. 

 

Figure 22: Mirrored images of the heat sources 
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Figure 23: Calculation of the total temperature distribution for a finite chip size and an 
arbitrary hot spot location 

 

3.3.3 Case study and parameters of interest 
The methodology developed is generic and can be applied to any configuration of 3D stack. 
For the purpose of demonstration, the methodology is applied to a 3 die stack and a unit cell 
for power dissipation of 100 x100 µm2. Figure 24 shows the structure considered: it consists 
of three silicon dies, including the back-end-of-line (BEOL) layers, stacked together through a 
thermally resistive interface material. The material may be a polymer glue such as the 
BenzoCycloButene (BCB) or other adhesive materials, or it can represent an interface with 
thermal bumps [25], [27]. The power is dissipated in each die in hot spots of variable size 
(minimum size = 100 µm in this test case), while the structure is thermally isolated on the 
sides. A bottom external resistance R1 mimics the presence of a package and PCB. A second 
external resistance R2 is considered at the top of the stack and represents the cooling solution 
attached to the top of the stack (if present). 
 

 

Figure 24: Schematic of the 3 die stack test case 

Table 1 gives an overview of the relevant material and geometrical properties of the die stack, 
that have been used to develop the parameterized compact model, and their range in which the 
compact model can be used. 
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Table 1: Range of variation of the stack physical and geometrical parameters 
Parameter varied Range considered 

Thickness Die 1 20 – 300 µm 
Thickness Die 2 20 – 150 µm 
Thickness Die 3 20 – 150 µm 
Thickness BEOLi, i=1..3 1 -10 µm 
Thermal conductivity BEOLi, i=1..3 0.5 – 3 W/mK 
Thickness resistive interfacei, i=1, 2 1 -10 µm 
Thermal conductivity resistive 
interfacei, i=1, 2 

0.3 – 5 W/mK 

External resistance  0.5 – 100 K/W 

 

3.3 Thermal compact model methodology 
 
In this work, a generic methodology is developed for fast thermal compact model based on a 
response surface model (RSM) extracted from an extensive design of experiments (DOE) of 
thermal simulations (FEM) for a unit cell power dissipation. Using superposition of the 
thermal maps (for both the unit cell approach and for the mirror approach) of power 
dissipation in a single hot spot, the heat source size and location and the chip size can be 
taken into account. In this section, the methodology to derive this thermal compact model is 
described. Figure 25 shows a schematic representation of this methodology. 
 

 

Figure 25: Methodology for the thermal compact model 

 
1. Parameterized finite element model 
As the first step in the methodology shown in Figure 25, a parameterized finite element model 
is made for the 3D die stack for the chosen dimension of the unit cell. The size of the dies are 
chosen to be > 100 times the size of the unit cell to mimic the infinite size for the reference 
temperature profile. For this thermal analysis, the software tool Msc.MARC [28], a general 
purpose finite element package is used.  
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Figure 26: Grid used in the thermal finite element simulations (left), example of the 
temperature profile in the different chips (right). 

 
2. Temperature profile Tij extraction 
From the results of the thermal simulation, the temperature distribution can be extracted for 
the power dissipation in the different chips of the stacks. In the case of the chip stack with 
three chips, 9 temperature profiles Tij are extracted: i refers to the number of the chip where 
the power is dissipated, and j corresponds to the number of the chip where the temperature is 
measured. 
 
3. Temperature distribution fitting 
Figure 26 (right) shows a typical temperature distribution in the different dies of the stack. To 
be able to add the contributions of the different dies in the stack, and the different heat sources 
on the dies, this profile needs to be expressed as certain function. It is found that following 
equation 
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can be used to fit the temperature profiles extracted from the thermal simulations. The first 
term in (1) fits the temperature distribution inside the hot spot region: it is a Lorenzian 
function with normalized amplitude, width Lw , and centered on the hot spot center Lx0 . The 

second term can be fitted by a lognormal function of amplitude proportional to  CA , width 
Cw0 , and centered on Cx0 . The original temperature profile is then reconstructed by summing 

the two contributions. The reconstruction of one temperature profile thus depends on five 
parameters: four fitting parameters for the function f in equation (1), and one representing 
the peak temperature. Since the structure comprises three dies, there are three possible vertical 
locations for the hot spots and three temperature distributions, for a total of nine profiles to fit. 
Thus for each set of geometrical parameters, 45 fitting parameters have to be determined. 
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4. Functional relation between the system parameters and the temperature distribution  
To be able to develop a parameterized compact model, the parameters of the fitting functions 
(1) need to be related to the physical parameters of the die stack (Table 1). By performing an 
extensive design of experiments (DOE) of finite element simulations with various physical 
and geometrical characteristics on a model with very long (“infinite”) lateral size,  a response 
surface model (RSM) has been fitted through the simulation results. The response surface 
model provides a functional relationship that correlates the physical/geometrical parameters 
of the structure to the temperature distribution function in all the chips of the stack. For the 
DOE and the extraction of the RSM, the software package OPTIMUS [29] has been used. In 
this case of the 3 die stack, 5000 simulations have been performed to obtain a reliable 
response surface model. With the RSM, the temperature profiles Tij are known as a function 
of the parameters described in Table 1, for the case of power dissipation in a unit cell in the 
centre of an infinitely large die stack. 
 
5. Superpostion of the contribution of the several unit cells 
Once the RSM has been determined, the complete temperature maps in a structure of finite 
size and with arbitrary hot spot location and number of unit cells is found by using the mirror 
concept and the superposition principle, as explained in section 3.2. In this way, the 
temperature distribution can be found in each die of the stack. The different levels of 
superposition (1. mirroring for each unit cell, 2. superposition for all unit cells) are 
implemented in a Matlab code. 
 

3.4 Compact model illustration for 3 die stack 
 
In this section, the compact model is illustrated for certain power maps in the die of the 3 die 
stack. In the case of the example, the nominal parameters values for the model are indicated: 
the dies size is 3 x 3 mm2, the interface layer and BEOL thickness are, respectively, 1 and 4 
µm thick, while their thermal conductivity is 0.3 and 1 W/mK. The stack is considered to be 
initially at room temperature. A low bottom resistance, (R1 = 10 K/W) has been chosen, while 
the top of the structure is kept almost perfectly isolated (R2 = 2000 K/W). These boundary 
conditions mimic the case of a face-up stacking solution, where the top of the stack is isolated 
by a package and overmould, while the printed circuit board (PCB) acts as a heat sink. In 
these conditions the heat is removed from only one side of the structure (bottom). The 
dissipated power is shown on the left hand side of Figure 27. In the example, a total power of 
P1 = 0.36 W, P2 = 0.368 W, and P3 = 1.02 W was considered respectively in die 1, die 2 and 
die 3. The total power dissipated is discretized in different densities across each 100 x 100 
µm2 unit cell. The right hand side of the figure displays the temperature distribution (ºC) on 
each die that results from the applied conditions. For this example, the total computational 
time amounts to 45 seconds on a standard desktop pc. 
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Figure 27: Illustration of the thermal compact model: power maps of the different chips 
in the stack (left), calculated temperature distribution in each die of the stack (right). 

With the compact model, the impact of the different parameters, described in Table 1, can be 
quickly evaluated. In Figure 28, the compact model has been validated by comparing the 
results of the compact model to a full 3D finite element simulation of the same structure. A 
good correspondence between the compact model and full 3D finite elements simulations has 
been found for the temperature peaks. In those locations, the error is smaller than 5%. A 
reasonable agreement for the ‘tails’ of the temperature profiles has been observed (error < 
10%). 
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Figure 28: Validation of the compact thermal model: temperature distribution in the top 
die as calculated by the compact model (left), comparison between the result from the 

compact model and the full 3D finite element simulation (right). 

 
 

3.5 Next steps for the compact model development and integration in the thermal 
aware design flow. 

 
In this deliverable, a first version of a thermal compact model and a demonstration of the 
approach have been described. In the next period (M13-M30) of this task 6.2, more features 
will be added to the thermal compact model: 

• local thermal impact of TSVs and microbumps connections 
• temperature dependent material properties 

Finally, the compact thermal model will be integrated in the thermal aware design flow as 
described in section 3 of Deliverable D6.3.1. 
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4 Electrical and Physical-level Thermal Distribution in 2D SoC 
and 3D SiP 

 
With the emergence of SiP methodology, special handling of heat transfer is required, 
especially when using 3D stacking techniques where interaction between power consumption 
and thermal effects is relevant due to dissipation issues. Especially in this case, interactions 
between die temperature and leakage current can cause thermal runaway resulting in chip 
failures. The dependency between temperature and leakage power is non linear (exponential), 
thus knowledge of the average temperature of a system is not sufficient. Therefore, prediction 
of the leakage power, and thus of the total system power, requires detailed and accurate 
knowledge of the temperature distribution. Local temperature hotspots could have a relevant 
contribution on the total power dissipation of a system estimated to be up to 20%. 
Furthermore, local temperature distributions have an impact on the performance and 
reliability of integrated circuits. 
Thermal analysis of designs at physical/electrical level composed by a single die or more dies 
packaged in either 2D or 3D configurations is necessary to evaluate benefits at this low level 
of abstraction of optimization techniques applied to all levels of design. As a lot of effort will 
be used for analyzing effect of floorplan and place & route on the designs thermal profiles, 
and their effects on propagation delay times in both 2D and 3D configuration commercial 
tools has been evaluated in the reporting period for thermal analysis at this low level of 
design. In particular, the research was focused on tools able to directly interface with ST 
design flows, thus to accept as input a typical chip database composed of .lef, .def, .gdsII, .lib 
views and analyze submicron features of integrated circuits layouts and capable to perform 
fine grain resolution temperature profile of each die of the system. 
The first analyzed flow is the one based on Apache Design Solutions. The thermal analysis 
flow is composed of 2 main steps. The first step performs electrical simulations in order to 

 

Figure 29: Chip Power Model generation flow 
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realize a temperature dependent power model call Chip Thermal Model (CTM). The CTM 
contains a thermal characterization of the design based on both static and dynamic power 
contribution. During this step, two different power characterizations are performed by the 
tool, one for estimating dynamic power density, based on static power analysis flow described 
in Section 1. On the other side, due to strong dependency between leakage currents and 
temperature, the static power of the design is characterized for a range of temperatures 
defined by the user. In particular, all library components utilized in the system (standard cells, 
memories…) are simulated separately in order to annotate the leakage contribution of each 
cell for different temperatures. It should be noticed that the characterization of 300 standard 
cells take approximately 6 hours on a 32-bit Linux machine running at 3 GHz. After that, the 
static and dynamic power contributions of the design are merged together with the chip 
database, and the tool is finally able to exports the CTM. On a second step the CTM is further 
exported to Sentinel-TI, which perform the thermal analysis and outputs the convergence 
points between leakage currents and local temperatures. The resulting map can be finally re-
imported in RedHawk, in order to do further performance analysis on the obtained 
convergence point. 
A second suitable solution is based on Gradient HeatWave, especially the 3D release of the 
tool. The HeatWave thermal simulator is able to compute full-chip temperatures with 
resolution down to the device and interconnect levels, and it integrates with standard digital 
design flows. HeatWave takes as inputs of its flow a digital IC database containing layout and 
power source information from the design environment. In addition, it requires a thermal 
technology file, and thermal information for the package. It outputs instance-specific 
temperatures, wire temperatures and device powers. This information is annotated into 
simulation to determine its thermal impact on the circuit's performance and reliability. The 
output is a full-chip, 3-D temperature map, which can be used to evaluate hotspots and 
temperature variations on the chip. The temperature data also can be used to add thermal 
awareness to power, timing and electromigration analysis tools. 
 

 
 

 

Figure 30: Gradient Heat Wave flow 
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5 Conclusion 
This document describes the recent results obtained in the period M1-M12 in the “Thermal 
distribution in 3D SiP stacks and 2D SoCs” task T6.2. The results described in this 
deliverable are integrated into different tools and are used to drive the optimization task T6.3.  
The proposed thermal distribution models may further be refined along the developments in 
this work package during the following period M12-M24. The suitability of the models will 
be demonstrated on different testcases in later deliverables. 
 


