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1 Introduction 
During the design of electronic circuits information on power dissipation of individual 
electronic elements must be calculated. This information together with layout and package 
data must be combined to setup and simulate thermal models for the device, which in turn 
must be connected in a suitable way to the electric network. Transistor models with a thermal 
pin are necessary to vary the temperature during dynamic simulations. The simulation of this 
model has to cope with the existence of largely disparate time scales for electrical and thermal 
effects.  
 
Recently new aspects entered the discussion, namely the 3D-integration or stacking of chips, 
which tightens well known thermal issues, and new semiconductor power devices for use in 
electric vehicles. These two examples illustrate the broad scope of problems related to 
electronic device temperature: While the high integration density in digital systems stacked on 
top of each other requires sophisticated cooling solutions, which must be developed based on 
time averaged information on heat generation, for power device development the dependence 
of the electrical behavior on the device temperature is sought. While in the first case details of 
the electronic functions can be neglected and must only be taken into account as averages [1], 
in the second case the temperature dependent physics and possibly even the temperature 
distribution within one device is important [2]. On an intermediate level of abstraction 
thermal issues play a role in chip design if analog effects such as temperature dependent 
characteristics must be considered. On this level of abstraction the temperature dependent 
electrical behavior of an individual device is assumed to be known, but the interaction of a 
network of devices assembled on a chip is sought.  
 
Electro-thermal interactions are important if significant amounts of power are dissipated as 
heat on a chip and temperature sensitive elements are close to the heat sources. This happens 
e.g. in power amplifiers, switching power supplies, but also in digital circuit at high clock 
frequencies. The work in WP4 focuses on analog circuits, where thermal effects may 
introduce changes of amplification, mismatch or changed noise characteristics. 
 
The simulation of thermal-electrical interactions requires information, which may originate 
from several sources: 

 The heat generation of any device at any time must be known. For cases where the 
time scale of electrical changes of state is much smaller than that of thermal changes 
this condition may be relaxed to the effect that the average heat generation must be 
known in a time interval which is suitable for the thermal simulation.  

 The layout of the electrical system must be known. Since the layout preparation is a 
work intensive step, which is usually done after design of the circuit blocks, in many 
cases reasonably good guesses of a simplified layout may be sufficient to study 
general electro-thermal behavior of the system. 

 The device models used for the electrical simulation of the network must reflect the 
dependence of electrical device behavior on the temperature, i.e. the temperature must 
be a parameter of the device models. 

Solutions to all of these problems exist, but they are not yet implemented in a coherent and 
easy-to-use way in the standard design flows. Therefore solutions to the mentioned problems 
are discussed in this milestone report. Since nature of electro-thermal effects and their design 
implications affect different levels of abstraction a hierarchical approach to tackle these 
problems is proposed. The report closes with examples for electro-thermal circuit simulation 
where different approaches are illustrated. 
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2 Modelling on different scales for electro-thermal circuit 
simulation 

2.1 Background 
The physics of heat exchange between parts of a device or different devices is described by 
the heat diffusion equation, which is a partial differential equation. 

T P    for the static case or 

p

T
T c P

t
  
   

  for the dynamic case. 

Here denotes the thermal conductivity, T the temperature and P the thermal power density 
input into the system. For a dynamical simulation also the heat capacity cp and density are 
needed. To find a numerical solution this equation must be discretized in space and time, the 
geometry of the device, the chip or the package must be defined and boundary conditions 
must be applied. The boundary conditions are usually given through the heat generation of the 
electronic devices and temperature “outside”, e.g. PCB temperature. 
Typically, thermal modeling is done using special PDE-solvers which are based on Finite-
Elements or Finite-Differences-Methods. These tools can be used to set up and solve the 
resulting equation systems. Alternatively they can be used only to set up a system of coupled 
ordinary differential equations. This opens the way to transform the resulting system of 
equations into a thermal network model, which consists of resistive and if necessary 
capacitive elements. From the discretization step a system of coupled ordinary equations is 
derived 

G T P  (static) 

T
G T C P

t


 


 

(dynamic) 

which is often large. Here T denotes the vectors of temperatures at the node of the thermal 
model, P gives the thermal power exchanged between the nodes and G is a matrix defining 
the thermal conductivities between the nodes. In the dynamic model the matrix C denotes the 
heat capacity at each node. These equation systems with 103-106 unknowns are usually quite 
large, which makes the solution of these equation systems a computationally expensive task. 
However these equation systems contain many unknowns which are not relevant for the 
solution of the problem since they only are “inner state variables”, which means, that no 
relevant devices are located at the corresponding nodes and no boundary conditions are 
applied there. Therefore the equation systems may be reduced in size applying order reduction 
methods using e.g. mathematical projection techniques [3]. All nodes, at which relevant 
devices are located or boundary conditions are applied are kept, all others are dropped in the 
projection step, which allows a considerable reduction of computational effort. The equation 
systems may be interpreted as corresponding to a network of resistive and capacitive elements 
which can be transformed into a netlist describing the thermal model as Kirchhoff-type 
network. 
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2.2 Modelling of integrated devices  
Contribution from Synopsys is missing due to withdrawal from WP4. 
 
In WP2 of the Therminator project modelling of integrated devices is investigated. The aim is 
to extract thermal aware compact models which represent the function of integrated devices 
together with its thermal dependencies.  
These models have to be able to accept an actual temperature via a thermal device pin. 
Otherwise it is not possible to change device temperature during simulation. On the other 
hand the actual power dissipation of the device can be supplied at this pin. 
 
Another approach has been developed to model the dynamic thermal behaviour of a device is 
to use SPICE-like macro models as shown in Figure 1. A macro model (dotted line) is 
composed out of standard of-the-shelf models which are available  in each SPICE-like circuit 
simulator. The inner static thermal MOS model in the centre (dashed line) is completed by 
additional sources which model the change of drain current (IDS) and threshold voltage 
(Vth) respectively. Both sources are controlled by the actual temperature at pin temp, thereby 
a thermal dependency in each simulation step is realized. The actual heat flow, on the other 
hand, which results from the power dissipation of the device in each simulation step is 
modelled by a controlled current source that drives a current into pin temp.   

 
Figure 1: Thermal dynamic SPICE-like macro model 

The sketched approach utilizes electro-thermal equivalences which are well-known for 
decades in multi-physical simulation: in Kirchhoff-type networks it is required to have 
difference quantity between nodes of the network and flow quantities in the branches of the 
network. The actual nature of these quantities depends on the considered physical domain. In 
the electrical domain voltage is commonly used as difference quantity and current as flow 
quantity. Thermal networks, in contrast, use temperature as difference quantity and heat flow 
as flow quantity. Both representations are equivalent and the same rules for establishing and 
solving the network equations apply. Therefore a standard SPICE simulator is able to solve 
the thermal network equations together with the electrical network equations.  
 
Electro-thermal interaction between devices via power dissipation and temperature change 
can only happen if a model of the device environment is developed and connected to the 
thermal pins of the devices. It represents the mutual thermal connection of the devices over 
the silicon. The next section deals with methods to establish these silicon chip models. 



THERMINATOR FP7 ICT – 2009.3.2 - 248603 D4.1.1  

Page 10 

2.3 Modelling of the device environment 
In section 2.1 an approach is described how to derive a thermal model via Finite Element 
Modelling. It was mentioned that the resulting model is usually quite large. This means that 
execution of the thermal environment model together with the functional model of the 
electrical circuit is not feasible. One approach to overcome this limitation is to use model 
order reduction (MOR) methods which are able to reduce the thermal model by several orders 
of magnitude.  
A second method to derive a thermal model is to divide the chip surface into an assembly of 
separate rectangular blocks, which are then replaced by thermal resistors and capacitors (see 
Figure 2). This is theoretically equivalent to a Finite Differences discretization under special 
circumstances. Six resistors model the thermal conductivities in all spatial directions and one 
capacity stands for the heat capacity of that volume element. A central node carries the 
constant temperature of that element and at the boundary there are pins to exchange heat flow 
with neighbouring elements. 

 
Figure 2: Basic network model for a rectangular part of a chip 

The horizontal size of these rectangular blocks depends on the dimensions of the relevant 
devices and the scope of the analysis. Digital circuits usually have smaller devices but only 
the summed power dissipation of a block is of interest. In contrast, analog applications often 
have larger devices where already one single device has significant power dissipation and 
determines the block size for discretization. In general, the discretization should be chosen 
such that devices with significantly different temporal thermal behaviour are lying in different 
rectangles. Sometimes it is even required to subdivide an analog device with a large multiplier 
m into different rectangles. This on the other hand leads to more effort because different 
temperatures are computed for a single device which is not supported in actual device models.  
 
The vertical dimension has to be discretized as well which again requires some reasoning. 
The heat originates from the channel area of the device. It is situated at the very top of the 
silicon wafer and only a few Nanometres thick. The whole silicon substrate in contrast is 
several hundred Nanometres thick. Therefore a nonlinear vertical discretization from top, 
where exact vertical heat flow modelling is important, to bottom, where rough modelling is 
sufficient, is appropriate.  

2.4 Thermal aware circuit simulation 
As already described, the simulation of electro-thermal interactions requires the following 
extensions of a purely electrical model: 

 The description of the electrical device behavior as a function of its temperature, 
 device temperature changes must be accounted for in each simulation step, 
 the calculation of heat generation in each device, 
 the exchange of heat between devices in thermal contact 



THERMINATOR FP7 ICT – 2009.3.2 - 248603 D4.1.1  

Page 11 

 
Additionally, the simulation of thermal effects on a chip requires information on the position 
and size of heat generating and temperature sensitive devices. This information must be 
extracted from the layout which is done after the circuit design. From the layout all necessary 
information can be drawn, to generate a thermal model of a chip. Unfortunately, standard 
layout formats (e.g. GDSII) contain only information about mask layers and polygons in these 
layers. Information on the devices is not available. However, in the extracted view not only 
parasitic elements but also the intended devices are included. Thus, in order to verify the 
electric network in a thermo-electric simulation the designer must perform also the layout 
extraction step, which may be quite laborious. Therefore, ways are implemented to use a 
tentative sketch of the layout in order to get a first impression of the thermal effects to be 
expected. 
All of the above steps are not yet supported in actual design flows. This means, that no tools 
exist to automatically transform a given layout into an input suitable for thermal solvers. The 
same applies to results of the thermal modeling process: No tools are available to 
automatically integrate a thermal model into an existing electrical model. 
 
Most modern simulators and model libraries deliver temperature dependent device models. 
However, it is not possible to change device temperatures during simulations. The calculation 
of heat generation is not supported by all simulators. The exchange of heat between devices 
can be modeled using a thermal network as described in section 2.3, or it can be calculated 
with an external solver for the heat diffusion equation. For practical simulation this situation 
leads to following options for electro-thermal simulations: 

1. Inline simulation: The thermal model is provided as an equivalent network of resistive 
and for dynamic simulations also capacitive elements. The thermal model is connected 
to the electrical model and both partial models are simulated by the same simulator 
simultaneously. The electrical device models feature a special thermal pin through 
which heat is exchanged. 

2. Simulator-coupling: Heat generation of electrical devices is exported to an external 
simulator running the thermal model, which returns the device temperatures to the 
electrical model. The thermal model may either be a Kirchhoff network model or FEM 
or FDM approximation of the heat diffusion equation. To get correct dynamic 
behavior a synchronization of the time steps is necessary. 

3. “Loose” or “ping-pong” simulator-coupling: As in the case of simulator coupling heat 
and temperature information is exchanged between the simulators, but a common time 
step regime is not used. Instead, each partial model is solved with the results of the 
other simulation as fixed boundary conditions. 

 
From the application perspective three scenarios can be distinguished for the electro-thermal 
simulation: Static or stationary problems, dynamic problems, and mixed problems. These 
scenarios and their implications on the simulation strategy will be discussed next. 

Static problems 

For stationary problems the time constants of the electrical processes are much smaller than 
thermal time constants such that changes of thermal state can be neglected during the 
simulation of electric behavior. Therefore, energy storing effects in the thermal network can 
be ignored and the heat capacities set to zero. Then the thermal model is constructed as a 
network of resistive elements. Heat generation is calculated by summing up the electrical 
power exchanged through all pins of a device 
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therm M
pins

P P U I  
 

Provided the devices models feature a thermal pin the inline simulation is a very computation 
efficient option in the sense that no overhead is needed for information exchange between 
different simulators, but an overall solution of the problem is computed. If the device models 
do not provide a thermal pin the thermal network must be calculated separately. In this case 
the heat generation in every device must be computed and used as input to the thermal model, 
which delivers the resulting device temperatures. Using these results the device temperatures 
are updated in the electrical model. This cycle is iterated until a steady state is reached. This 
“ping-pong”-type simulation creates overhead during simulation because of the exchange of 
information during the simulation. If the thermal model is solved using a PDE-solver, the 
additional effort of handling this tool adds to work. Clearly a simulator coupling creates more 
effort than the integrated simulation, but is the only choice if suitable device models are not 
available. 

Dynamic problems 

In simulations of dynamic effects changes of the electrical state of the system have an 
immediate impact on the thermal state and vice versa, i.e. electrical simulation times and 
thermal time constants are of similar order. Therefore, the energy storing effects cannot be 
neglected. Unfortunately the calculation of heat generation is not trivial, because the reactive 
power cannot be separated from the real power at the pins of the device. If the device model 
allows to access the resistive parts inside the model the heat generation can be computed as 
the sum of the heat dissipated in the resistive elements. Otherwise the calculation of the heat 
generation must be modified such that time averages of the instantaneous power summed over 
all pins are taken over representative time periods tp. 

1

p

therm M
p t

P P dt
t

 
 

This is only possible in the case where the time constant of the thermal processes is higher 
than the averaging time tp. For dynamic problems again the integrated simulation is the 
preferred way, because in this case a full simulator coupling must be set up for the electrical 
and the thermal simulation in order to get the correct temporal behavior, which involves a 
common management of time steps of both simulations. 

Mixed problems 

In cases were the electrical time constants are much smaller than the thermal time constants, 
but the temporal evolution of the temperature distribution in the system is sought, an inline 
simulation creates a large computational effort because of two problems: The thermal model 
which might be large is solved in every time step though the temperatures exhibit very small 
changes due to the larger time constants. The second problem is that the entire model must be 
solved for time intervals of the order of the thermal time constants, which usually means an 
excessive amount of time steps in the electrical model. In this case a distributed simulation 
using simulator-coupling might be the best solution, since it allows to solve the thermal and 
the electric problem at different time steps. 

2.5 Package modelling 
Up to now thermal modelling of individual devices and their thermal interactions over the 
substrate have been discussed. Since the system composed of devices and substrate contains 
only heat sources but no heat sink, the temperature in the system would rise ad infinitum. To 
avoid this and have a realistic analysis the chip models need to have thermal connections to 
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the outside world. Usually they are situated at the borders of the thermal chip model and 
represent heat transfer to the surrounding environment, which could be either conduction, 
convection or radiation. Therefore models for bond wires, carrier material, package, 
pins/balls, PCB, and so on have to be established. They realize the heat transfer to thermal 
ground which is usually a constant environmental temperature.  
 
Today the use of very simplified package model that consist of a small number of resistive 
elements is common practice. This allows to gather coarse information on the temperatures to 
expected and helps to answer basic questions of heat management, thermal robustness of the 
system or aging of electronics. For a detailed analysis of electro-thermal interactions this level 
of abstraction is clearly too high. 
The boundary conditions at the exterior of the package will in most cases be fixed 
temperatures, since thermal time constants of PCB and other bigger structure outside the 
package will usually be much larger than for the chip itself, therefore a coupled simulation of 
electro-thermal interactions is not useful at this level. 
The same rationale can also be applied to the chip and its package as a whole. An example is 
given in Figure 3. Unfortunately, this process requires a lot of hand work and experience to 
yield valid results, since no automated tools exist to support this type of modelling. 
 

 
Figure 3: Thermal model of a chip and package made up as a network of resistive elements 
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3 Hierarchical methodology for electro-thermal modelling of 
analog/RF components 

In the previous chapter requirements and solution approaches for electro-thermal modelling 
and  simulation on different levels of abstraction are discussed. Based on these approaches on 
the individual levels now a combined hierarchical methodology is introduced. It integrates the 
before mentioned ideas into an over-all methodology for electro-thermal modelling and 
simulation. 

 
Figure 4: Hierarchical electro-thermal modeling strategy 

Figure 4 depicts the integrated hierarchical modelling approach. On the lowest level of 
abstraction device models are utilized that combine electrical functionality with thermal 
dependencies. As described in chapter 2.2 realizations as compact model or macro model are 
usable. The analysis of thermal dependencies and their integration into compact models is a 
topic of WP2 of the Therminator project.  
On circuit level there is a clear distinction between the functional model of the (analog) circuit 
and the thermal interactions in the circuit via the surrounding silicon wafer. The functional 
(i.e. electrical) model of the circuit is the designed schematic. The circuit topology connects 
the electrical pins of the lower level device models and a proper sizing of the devices ensures 
to meet the intended circuit characteristics.  
Besides the functional model on this level of abstraction a model of the parasitic (i.e. thermal) 
effects has to be established as described in section 2.3. It represents thermal interactions 
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between heat sources and thermal sensitive devices in the circuit by connecting the thermal 
pins of the lower level device models. Possible realizations are RC models or behavioural 
models. These models are purely thermal by nature but can be implemented as equivalent 
electrical models using electro-thermal equivalences. Therefore, the electrical signals in the 
thermal model have to be converted into their thermal equivalents and must not be mixed up 
with other electrical signals in the overall simulation. 
The highest level in this analysis is the package level where the connection to the surrounding 
environment is modelled. It is a (nearly) purely thermal model except for the electrical 
conductivity of the bond wires and the package pins/balls. This model has to be connected to 
the outer pins of the thermal chip model in order to represent the heat transfer to the 
environment correctly. An overview of this topic is given in section 2.5, detailed 
investigations are done within WP6 of the Therminator project.  
Other parts of the overall system might also have an influence on the analog/RF circuit 
components, as for instance digital parts (WP3) or integrated passives (WP5). Modelling  
methods are investigated in the respective work-packages.  
Now, if all parts of the complex system-on-chip are sufficiently modelled and connected 
together in an appropriate manner, the simulation of the system has to be performed. The aim 
of this simulation is to verify that the specified characteristics are met in a wide range of  
operating conditions and load scenarios. As mentioned in section 2.4 there are different 
approaches for electro-thermal simulation with varying tightness of the coupling. More details 
are discussed within task 4.2 of this WP4.  
However, regardless of the simulation method, the models on all mentioned levels of 
abstraction (device, circuit, system) as well as both domains (electrical, thermal) have to be 
considered together for a meaningful analysis of the behaviour. Therefore, common interfaces 
and models of computation are needed that allow seamless integration of models from other 
domains or abstraction levels into the overall simulation if required.  
A hierarchical approach also involves the process of abstraction. A detailed analysis from 
microscopic devices up to macroscopic packages based on FEM models is hardly feasible. 
Therefore, abstraction is required which leads to faster, less detailed models by means of 
model order reduction, compact models, behavioural modelling, or other methods. Again, the 
resulting models with different degree of detailing have to offer the same interface to the 
outside world in order to be compatible to the simulation of the overall system behaviour. 
 
A hierarchical electro-thermal modelling methodology requires compatible approaches on 
different levels of abstraction and in both physical domains with fit together into an overall 
solution for efficient and at the same time accurate simulation that covers critical electro-
thermal interactions and their influence on system behaviour. 
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4 Examples and first results 

4.1 Device level 
Contribution from Synopsys is missing due to withdrawal from WP4. 

4.2 Circuit level 

Optically controlled power driver 

Here an optically controlled power driver is used as an example [4]. Figure 5 shows the test 
bench for the driver circuit where the power transistors (n-DMOS and p-DMOS for the low-
side and high-side driver resp.) are sketched symbolically.  

 
Figure 5: Driver example, schematic (left) and change of the drain current vs. iteration number. 

Assuming an ambient temperature of 300K for all devices the circuit should be able to drive a 
current of 1.3A through the specified external load. However, the power dissipation of 2.6W 
of the n-DMOS device was used to compute new local temperatures for all devices in the 
steady state. The thermal analysis yields an increased local temperature for the n-DMOS of 
325K due to self heating. The raised temperature decreases the driving current to less the 
1.27A but on the other hand increases the power dissipation, which in turn raises again the 
local temperature (see Figure 6).  

 
Figure 6: Temperature and power dissipation of the driver vs. iteration number 

We used here the before mentioned “ping-pong” simulation to iterate between the electrical 
simulator Spectre and the thermal solver TSMG [6]. The device positions and areas are 
retrieved automatically from the extracted layout. After four electro-thermal iterations a 
steady state is approached which results in rather different electrical and thermal conditions 
compared to the initial state: the drive current is dropped by 3%, the dissipated power 
increased by 15%, and the temperature raised to 329K.  

 



THERMINATOR FP7 ICT – 2009.3.2 - 248603 D4.1.1  

Page 17 

 
Figure 7: Temperature distribution in the driver 

A graphical visualization of the steady state is shown in Figure 7. On the left side the 
discussed case is demonstrated, whereas on the right hand side the opposite case is depicted 
where the larger high-side p-DMOS is driving the current.   
In a switching application both DMOS transistors are driving alternatively with a pulse width 
of for instance 1us. This leads to an increased mean temperature of the whole chip and 
alternating thermal peaks on top of it. Detailed electro-thermal analysis is inevitable in this 
case in order to 

 find a suitable layout placement for sensitive input stages with changing thermal 
gradients in mind, 

 verify fulfilment of functional specifications and power budgets taking into account 
self heating of the driver stage devices and heat spreading over the chip. 

Further investigations of the presented example have to be done in the future. A detailed 
analysis is necessary to explore to what extent the thermal gradients over smaller thermal 
sensitive devices affect the circuit performance. Some of them are shown left to the n-DMOS 
in Figure 7. This could be especially important for time varying thermal gradients.  
Another problem is the thermal gradient within the power device. In the layout the device 
consists of up to several hundred small single devices, which suffer differently from self-
heating: inner devices heat up significantly more than those at the border as can be seen in the 
thermal distribution of Figure 7. However, in the circuit simulation there is only a single 
device available. A multiplier m states the number of parallel devices but cannot differentiate 
between the local temperatures of the parallel instances. Here more effort is necessary to 
improve the tools for a more realistic representation of the real world situation. 

Operational amplifier simulated using order reduction methods 

The purpose is to calculate the output voltage of an operational amplifier as a function of 
input voltage in the time domain taking thermal-electrical interactions into account. These 
interactions manifest themselves in the fact that the power loss of the transistors of the output 
stage leads to a warming of the semiconductor chip as well as the surrounding package and 
the transistors of the input stage change their electrical behavior as a function of temperature. 
The schematic of the chosen op-amp (μA741) is presented in Figure 8 [5]. There are for 
example two amplifier transistors T19 and T20 with the highest power loss and in the input 
stage there are two transistors T1 and T2 which are particularly sensitive to thermal effects 
due to the high gain of the op-amp. Both are heated by adjacent transistors as well as by self-
heating. 
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Figure 8: Schematic of op-amp example – output stage transistors with power loss and temperature 

sensitive input stage transistors 

To simulate the electrical behavior of the op-amp with thermal-electrical interactions, it is 
necessary to model: 

 the electrical behavior of the OPV 
 the thermal-electrical behavior of the four selected transistors 
 the thermal behavior of semiconductor chip and package. 

For the transistors T1, T2, T19 and T20 behavioral models in VHDL-AMS are used, which 
have a thermal port providing the internally generated power loss as through quantity and the 
acting temperature as across quantity. The model itself uses this temperature value in its 
complex equations system. The electrical behavior of the op-amp is described as a Spice 
netlist and is integrated as a sub circuit in VHDL-AMS. The internal nodes of this sub circuit 
which have to be connected with the four transistors are managed as further terminals of the 
sub circuit. 
The composite of semiconductor chip, adhesive, and copper carrier sketched in the bottom 
part of Figure 9 was described in the thermal solver TSMG. In addition to the terminal pads, 
the four interesting transistors in the area of the op-amp are defined in its extension and 
position. The large system matrices of heat capacity and conductivity generated by TSMG 
were exported and then reduced with the in-house tool MORMS. The order of the overall 
system, approximately 75,000 was reduced to 50 with good correlation of the system 
behavior. Finally, a VHDL-AMS model of the chip was generated. For the package a 
complex finite element model was developed in ANSYS as shown in the upper part of Figure 
9. Inside this model there are an open space for the chip model as well as multiple contact 
nodes to be able to connect both models subsequently. The bottom of all pins was reduced to 
a node in order to load them later on with the ambient temperature. The order of the system 
matrices was reduced using MORMS from about 35,000 to 75, and a VHDL-AMS model of 
the package was generated. 
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Figure 9: Package and chip of op-amp modeled in ANSYS 

In an according test bench in VHDL-AMS the behavioral models of package, chip, the four 
transistors as well as the imported Spice model of the remaining op-amp were included. To 
investigate the influence of the thermal behavior the input voltage (step function) in Figure 10 
below was used for a transient simulation at an ambient temperature of 300 K. The output 
voltage of the op-amp and the temperatures of the four transistors are the interesting 
quantities. The input voltage ideally changes at time t = 1 s from 0 V to 150 mV, after 50 ms 
to -150 mV and after another 50 ms back to 0 V. 
In the upper part of Figure 10 the resulting output voltages for the cases with and without 
thermal-electric interaction are shown. The differences in the transient behavior are clearly 
visible. Figure 11 depicts the resulting transient characteristics of the transistor temperatures. 
The temperature of the transistors of the input stage changes only by about dT = 0.1 K, on one 
hand due to their low power loss, on the other hand because of the relatively large distance to 
the power amplifier transistors (top of the figure). Whether the output transistors are 
conducting or not, is reflected very well in its temperatures in the lower part of the figure. 
Also, there is a peak at the time t = 1.05 s, where the input voltage changes its sign rapidly. 
 

 
Figure 10: Transient simulation results - bottom: input voltage; top: output voltage (solid line: pure 

electrical model, dashed line: coupled thermo-electrical simulation) 
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Figure 11: Resulting temperature runs at transistor locations T1, T2, T19 and T20 using input signal as 

shown in Fig. 9 (Qx in the legend stands for the location of Tx) 
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5 Conclusions 
 
This deliverable reports on a hierarchical methodology for thermal modeling of analog and 
RF components of an integrated system-on-chip (SoC). It collects known and investigated 
approaches from device level up to system level and integrates them into a powerful modeling 
methodology. It is capable of fast yet accurate analysis of electro-thermal interactions and 
their influence on circuit behavior.  
 
Two application examples of industrial circuits show usability as well as use of the presented 
methods. On one hand side it is shown, that the methods are able to work together over 
different levels of abstraction. On the other hand the necessity of the integrated analysis is 
demonstrated to get results that incorporate realistic interactions by illustrating the difference 
in the results compared to a pure electrical analysis.  
 
Future work in this project task will concentrate on applying the methodology on examples 
that were developed by partners in the project. A major task will be the model calibration 
using measurements on silicon test structures. Thereby the simulation results can be validated 
and improved if necessary.  


