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Abstract

Due to high integration density the influence of
manufacturing technologies on the system behavior has to
be considered very early in the design process of 3D
systems. Therefore, information from different physical
domains, design rules, and guidelines have to be provided
to designers. The variety of structures and physical
effects requires efficient modeling approaches and
simulation algorithms. In the following a modular
approach which covers detailed analysis with PDE
solvers and more abstract behavioral modeling is
described.

Motivation

3D integration offers a variety of possibilities for new
system concepts and form factors [1]. On the other hand,
due to the dense interconnections between the stacked
layers parasitics like skin and proximity effect, cross talk
or signal delays may influence the electrical function of
the entire 3D system significantly. Furthermore, the very
close placement of functional blocks may affect function
and lifetime, e.g. due to thermal effects. Power losses
result in hot spots without sufficient thermal management
[2,3]. The characteristics of sensor elements may be
influenced locally due to temperature gradients. Heating
of the stack as well as different processing temperatures
may cause additional mechanical stress in the system
which may change the behavior of mechanical sensing
elements (e.g. pressure sensors) and may cause reliability
issues [4, 5].

Measurements of test structures and multi-physics
simulations will permit to account for the influence of the
integration technology at real 3D design [6,7].
Equivalent network models or behavioral models as well
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as design guidelines are very useful. To derive the RF,
thermal, and thermo-mechanical behavior of the variety
of structures efficient modeling approaches and
simulation algorithms are necessary as key methods.

Modular Modeling Approach

Our modular approach aims at the creation of
parametric models of basic structures, so-called basic
modules, whose geometrical and material properties can
be modified in a wide range. A tool independent
representation of the modules is provided in XML. These
models are used in field solvers like ANSYS or CST
MicroWave Studio (MWS) to investigate the influence of
parameter variations on the system behavior. In Fig. 1
parametric models for gold stud bumps, SLID (solid
liquid interdiffusion) and micro flip chip interconnects
generated for the Finite Elements tool ANSYS are shown
[8]. Every geometrical quantity of these modules can be
parameterized.

Using these models an electrical and thermal
characterization depending on geometrical parameters for
the different integration technologies can be carried out
[9]. These models can be combined to investigate e.g. the
thermal behavior of the entire stack structure to localize
hot spots, to adjust either the stack layout or insert
thermal interconnects to decrease critical temperatures.
Equivalent network (Spice) and behavioral models
(VHDL-AMS, Verilog-AMS ...) can be derived from
these basic modules as well as from composed structures.
The process of model generation for system level
simulation is supported by various methods: parameter
optimization, model order reduction, and approximation
(see Fig. 2) [9, 10, 11]. They can be connected with the
electrical model of the entire system to enable complete

Fig. 1: REM images and derived basic modules of interconnect structures (Images courtesy of SINTEF, Oslo)
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Fig. 2: Model generation for system level simulation

system  simulation  considering  thermo-electrical
interactions and parasitic effects.

The modular modeling approach also covers the RF
domain dealing with the above mentioned parasitic
effects. Embedding techniques are used to calculate the
RF behavior of complex interconnect structures like those
shown in Fig. 3. Basic parts (interconnections,
transmission lines ...) are extracted from the overall

interconnect structure und simulated in MWS. Using
embedding the RF behavior of the entire structure can be
calculated easily from these partial simulation results. A
reduction of computing time and resources as well as the
generation of basic modules and equivalent network
models for Spice are the results.

Fig. 3: More complex interconnect structure

Applications
Two different applications of this approach are
discussed in the following.

Application I — Tire Pressure Monitoring System

The thermal behavior of a tire pressure monitoring
system (TPMS, Fig. 4) used in the automotive sector
comprising of a complex 3D structure was studied [12].
The aim of the work was to determine hot spots and
temperature distributions in the entire 3D system as
function of boundary conditions (e.g. temperature of rim
and air within the tire) and periodic activity of electronics
for several operation modes. Due to its considerable
influence on frequency the temperature of the bulk
acoustic resonator (BAR) as function of time had to be
found. Since the temperature of the BAR cannot be
measured directly during operation, temperature sensors
were placed at other regions of the sensor system in order
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Fig. 4: Assembly of tire pressure monitoring system (image
courtesy of SINTEF, Oslo)

to deduce the BAR temperature based on algorithms,
which are derived based on simulative investigations.

Using the modular modeling approach the thermal
finite element model of the entire and complex TPMS can
be set up very comfortably in ANSYS. All of the more
than 100 basic modules building up the geometry model
of this structure (Fig. 5) are fully parameterizable
enabling easy variations of geometrical and material
parameters.

Fig. 5: Geometry model of the TPMS built up using basic
modules (wireframe graphics)

These are modules for interconnection structures like
au stud bumps, and micro flip-chips (Fig. 1), for MEMS
pressure sensors, and so on. In addition to these modules
further basic modules were developed to describe the
ambience of the TPMS: caps, capacitors, ASIC for energy
harvesting, and housing (Fig. 6 left). All geometry
parameters were extracted using gds-files, schematics,
and SEM images provided by the designers.

Due to the large temperature range from -40 up to
125°C in which the sensor system has to operate
temperature dependent thermal material parameters had to
be wused instead of constant ones. Comparative
simulations revealed non negligible differences in the
temperature distributions between simulations results
with temperature dependent and with constant material
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Fig. 6: Left: geometry model of housing (sliced view); right: Steady state temperature distribution in TPMS with boundary
conditions: tire at 0°C, air in tire 125°C (sliced view)

parameters. The temperature dependencies of the material
parameters were taken from material databases.
Approximations of these tabular dependencies were done
with 1st or 2nd order polynomials in the mentioned
temperature range. Due to the higher pressures the TPMS
is operating at, the material properties of air are also to be
considered pressure dependent. All thermal properties of
the used materials were deposited in a common material
library.

There are about eight regions with remarkable power
loss located on micro controller, TX ASIC and BAR
which are active in a periodic measurement cycle in
transient case and having reasonable power losses.

One result of the thermal simulations requested by the
designers is the temperature distribution in the entire
system for an extreme combination of boundary
conditions: tire at 0°C, air in tire 125°C. This means a
previously hot tire is rolling over ice. For such steady
state investigations mean values of the power losses have
been used. The right hand side of Fig. 6 shows the static
end temperatures in the cross section of the 3D system.
Below the cover of the housing the energy harvester and
below the PCB in the middle of the housing the sensor

system are shown.

Fig. 7 left illustrates the resulting temperature
distribution on TX level. There are regions of hot spots
and the area where the MEMS pressure sensor is located.
Due to the measurement principle of the sensor system
based on pressure induced mechanical stresses in the
sensor membrane it is very important to take temperature
profiles on this membrane and resulting thermo-
mechanical stresses into account. Fig. 7 right depicts the
temperature distribution on the sensor membrane under
the conditions mentioned before. Since the environment
temperatures are very different the temperature about the
membrane area is varying more than under normal
working conditions. But, the plot shows that there are no
great differences in the membrane temperature resulting
in nearly the same additional thermo-mechanical stresses
in the sensing elements on the membrane even at these
extreme boundary conditions.

Finally, as mentioned before the BAR device
temperature has to be determined as function of the
temperature at other locations of the sensor system during
the measurement cycle. Possible locations were selected
on transceiver ASIC and microcontroller, respectively.
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Fig. 7: Temperature distribution — left: on TX level, right: on sensor membrane (same boundary conditions as in Fig. 6)
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Fig. 8: Temperature difference between BAR device and
middle point of TX ASIC during measurement cycle as
function of interconnection technology and ambient

These temperatures are differing from each other
systematically. One measurement cycle has a period of
8.2ms and is followed by 100 or even 1,000 inactive
periods.

Due to the time dependent activity and inactivity of
the regions with power loss the temperature difference
between BAR and the other measurement points is also a
function of time. Exemplarily, in Fig. 8 the temperature
difference between BAR and the middle point of the TX
ASIC are depicted over one time period. At a time of
about 4.5ms the temperature will be measured on the TX
and between 6.2 and 7.8ms the BAR device has to work
at a correct frequency. Based on simulations the average
difference is about 0.27K. Furthermore, we have
compared SLID and p-Flip chip interconnections between
TX and microcontroller as well as ambient temperatures
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of 40 and 80°C in this figure. The differences are small
but this dynamic offset has to be taken into account by the
designer to be able to tune the BAR device prior to
transmission phase.

Not only the power loss is a function of time but also
the temperature of the sensor environment (Air in tire or
rim) can change rapidly. Using an extreme case, a step in
the ambient temperature the simulations have shown that
the temperature differences between TX and BAR are
lower than due to the measurement regime. The
maximum value is 0.012K per 10K temperature step.

Beside the actual simulation results, the generated
model can also be used to derive a thermal behavioral
model of the stack for thermo electrical simulations on
system level. The derivation can be performed e.g. using
order reduction methods. Combined with the electrical
(circuit) model and thermo electrical device models,
thermal interactions in 3D systems can be analyzed
efficiently.

Application 2 — Complex Interconnect Structure

Another application of a complex 3D structure, an
interconnect structure had to be investigated in the RF
domain. For the RF behavior effects like skin and
proximity effect as well as wave propagation has to be
considered. Fig. 3 shows the RF simulation model
(MWS) for an interconnect structure formed by two ICV-
matrices with 3x5 vias, two contact pads and a coplanar
waveguide. It is part of a wafer with structures for test
and characterization [13].

Result of the simulation with the full wave simulator
MWS which solves the underlying Maxwell equations are
scattering parameters (S-parameters) describing exactly
the electrical behavior of the structure in the RF domain.

Usually, small portions of a complex interconnect
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Fig. 9: Embedding Technique for an interconnect structure



network can be easily analyzed by PDE field solvers. For
more complex structures the computing time increases
rapidly. Therefore, using our modular modeling approach
the complex interconnect structure was set up very
comfortable in MWS. This approach, which will be
demonstrated, includes two  different methods
(embedding techniques as well as the parameterization of
equivalent network models for SPICE) to investigate the
RF behavior of the overall complex interconnect
structure.

Initially, the complex interconnect structure is divided
into parametric modules of basic structures (Fig. 9, top
structure), which can be modified easily concerning
geometrical and material properties [14]. The geometry
parameters can be extracted using a multitude of CAD-
data formats (e.g. STEP, IGES, Pro/E®, DXF or GDS).
Although an easy change of material parameters is
enabled. Afterwards these basic parametric modules can
be simulated in MWS. A reduction of computing time
and resources as well as the generation of basic modules
in libraries are the result.

First of the two methods, the embedding technique
will be described. At this, the S-parameters of these
parametric modules, which exactly describe the electrical
behavior in the RF domain, can be transformed to
scattering transfer parameters (S-parameters). These T-
parameters of the basic modules can be multiplied and
afterwards re-transformed to S-parameters to get the
electrical behavior of the complete complex interconnect
structure as well (Fig. 9, formulas). This modeling
method is called embedding technique and was adapted
from an approach from RF measurements, the so-called
de-embedding [13].

In Fig. 10 a comparison on the one hand with
measurements of the real structure [13], and on the other
hand with the simulation of the entire structure with
MWS and the determined RF behavior of the interconnect
structure via embedding technique is shown. Simulations
of test structures show good accordance with the
measured electrical RF behavior.
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Fig. 10: Comparison of measurement, simulation and
embedding results for the interconnect structure

Second, these parametric modules can be used to
derive passive parametrizable equivalent network models
for SPICE. Passive equivalent network models have the
advantage to correlate to the physical behavior of the
structure and the circuit elements can be identified
directly. Fig. 11 shows the parametrizable equivalent
network model of a coplanar waveguide and his physical
correlation.

Fig. 11: Parametrizable equivalent network model of a
coplanar waveguide

Initial point of the derivation and optimization of
passive equivalent network models are the S-parameters
of these parametric modules, which exactly describe the
electrical behavior in the RF domain. Afterwards, from
these results a generic equivalent network models can be
parameterized. These generic RLCG network models are
usually derived considering physical details of the given
structure (Fig. 12).
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Fig. 12: Elementary equivalent network model of a 15pm
coplanar waveguide

These networks contain degrees of freedom in the
form of freely adjustable parameters. For a set of
parameters a simulation run is performed calculating the
actual behavior of the parameterized model. Afterwards
the deviation of the current simulation results from the
specification, in our case the S-parameters computed with
MWS, will be derived. A new set of parameters for the
network model will be calculated by optimization
algorithms and new simulations will be performed until
the deviation from the specification reaches a
considerable low wvalue. The entire flow of the
optimization is realized within our in-house tool
MOSCITO Simon. Finally, we get a parameterized
RLCG network with preferably equal electrical behavior
with respect to the given interconnect structure (e.g. an
equivalent network model of a 15um coplanar
waveguide) [6]. These models can be included into the



design flow and combined with the electrical model of the
entire system to enable the complete system simulation
considering parasitic effects.

Conclusions

The main intention of the presented work is to provide
design support for 3D systems. Therefore, a modular
hierarchical approach for multi physics modeling was
developed. Starting at a tool independent representation
of stacked structures, especially for different 3D
integration technologies, models for FE and behavioral
simulations are created. These models are either used for
detailed investigations of local interconnect structures or
for building up complex models. The main focus of the
work is on thermal and RF behavior.

For thermal management usually the entire system is
modeled to localize hot spots, to adjust either the stack
layout or insert thermal interconnects to decrease critical
temperatures or to determine the margins for additional
thermal induced stress, which is very important e.g. for a
real 3D integration of sensor elements. Behavioral models
can be generated from the entire system to combine these
models with models of semiconductor devices to
investigate the electro-thermal behavior of the whole
system. In the RF domain basic modules and single
interconnect structures are modeled and simulated, and
afterwards the electrical RF behavior of complex
structures is calculated using embedding. This RF
behavior shows good accordance with the measured
electrical RF behavior. This enables the investigation of
such structures preferably early in the design process. The
effort for expensive measurements and the processing of
real test structures could be decreased in the long term.
Furthermore, parametrizable RLCG network models can
be derived from the entire system to combine these
models with models of 3D system to investigate the RF
behavior of the whole system.
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