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Abstract 

This document is the final report of the project “CODESTAR”. The report describes the 
major achievements of the project. Furthermore, this report also presents a series of best-
practice results and a series of recommendations for future research work in the area of 
on-chip integrated passives simulation and characterization. The CODESTAR project 
covers the period from and March 1, 2002 to August 31, 2004. 
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1. FOREWORD 

 
This is the Final Report describing the major achievements in the CODESTAR project 
(IST-2001-34058). The report present best-practice advises and recommendations for 
future research activities for on-chip integrated passives simulation. 
 

 2. INTRODUCTION 

With the further downscaling of the IC technology, the operational frequencies of the 
signals are in the Giga Hertz range. As a consequence, the use of lumped-element 
parameters for the simulation or emulation of IC designs is too crude to generate reliable 
lay-outs. The reason is that the lumped element parameters are obtained in the static 
regime and these parameters ignore many effects that become pronounced in at high 
frequencies. In other words: interconnects and integrated passives behave qualitatively 
different at high frequencies as they do at low frequencies. Another major concern for on-
chip design is that the high frequency characteristics or electromagnetic behaviour is very 
sensitive to the material properties of the environment. In practice this means that if one 
designs a runner or passive component, its properties will alter dramatically, if the same 
runner or integrated passive component is placed above a semiconducting substrate and 
surrounded by dielectric material layers. These issues have been identified as a potential 
show stopper for robust designing deep submicron IC layouts and to optimally designing 
integrated passive components on chip. Furthermore, the increasing desire to put systems 
on a chip (SOC) demands good control over undesirable interferences. The latter usually 
pop up at higher frequencies. In particular, parasitic coupling through the substrate will 
hamper a successful implementation of system on a chip. The fact that high frequency 
issues can no longer be ignored in IC design has urged the contributors to the 
International Technology Roadmap for Semiconductors (ITRS, www.itrs.org) to declare 
the high-frequency modelling (> 5 GHz) as a grand challenge that should be solved in 
order to continue the pace of progress that was witnessed in the last three decades. The 
CODESTAR project was set up to address this grand challenge. The project was defined 
by following three leading principles acting in the background: 

·  In order to capture the high-frequency effects, the full physics of 
electromagnetism needs to be considered. In particular, this means that no 
restrictive assumptions are implemented a priori.  

·  Experimental data need to be produced in order to guarantee that the solutions that 
are generated within CODESTAR have practical value and the methods can be 
used in an industrial environment.  
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·  Computation times should be in an acceptable range. Considering the complexity 
of the problem this will lead to a trade-off between speed, accuracy and 
predictability.  

With these ideas in mind the following objectives were formulated. 

CODESTAR objectives 
The main goal of the CODESTAR project is the development of a code dedicated for the 
electromagnetic simulation of passive on-chip structures resulting in a small simulation 
network. First a detailed analysis of the test structure is carried out using an 
electromagnetic field solver. The outcome of the field solver is a full net list describing 
the detailed characteristics of the passive structure. This net list will be too large to be 
useful and therefore a systematic reduction of the net list must be done (i.e. reduced-order 
modelling). The resulting compact equivalent lumped-element model is inserted back into 
the full design scheme and the design cycle can be pursued. Parallel fabrication, 
characterisation and evaluation of dedicated test structures is carried out, in order to 
validate the CODESTAR code. The matching between experimental and CODESTAR 
simulation results is the measure of the project success. 
 
A critical part of a passive on-chip design is submitted to a detailed analysis by the 
CODESTAR-code.  
- The first part of the project deals with this detailed analysis of the critical structure 

using an electromagnetic field solver. Three types of field solvers are considered and 
compared, being the finite-difference-time-domain solver, the finite-integration solver 
and a recently developed lattice-gauge solver. The outcome of the field solvers are a 
full net list including the net list parameters.  

- In general, this net list will be too large to be useful for inclusion in the design 
database and therefore a systematic reduction of the net list must be carried out i.e. 
application of reduced-order modelling (ROM). After having obtained a sufficiently 
compact equivalent lumped-element model (using original and efficient ROM 
techniques), the result is inserted back into the full design scheme and the 
interconnect design cycle will be continued. The emphasis of this work will be on the 
development of new techniques like the Laguerre-SVD and the two-step Lanczos 
technique and their connection with the different field solving techniques. 

- Parallel with this code development process, dedicated test structures are designed 
and evaluated to validate the CODESTAR code. The test-cases will attempt to 
capture the complexity of realistic interconnect structures, will highlight the limits of 
present CAD tools and allow to assess the enhancements brought by the new tool 
created in this project. 

 
A comparison of three four field solver techniques is done. Stand-alone methods are 
developed and integrated into a demonstrator for passive-structures prototyping. 
Experimental data of test cases are obtained. Matching between experimental and 
CODESTAR simulation results is the measure of the project success. 
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The resulting CODESTAR-code is used in design by generating input for SPICE net lists. 
The CODESTAR-block reads standardised geometrical data and physical parameters of 
the passive on-chip structure as input, and returns as output a manageable simulation net 
list. It reads the layout of a circuit scheme (circuit topology) and it generates the 
corresponding lumped-element parameters as functions of the frequency. This net list 
accurately describes the input/output relation of the interconnect-system or passive back-
end structures in the static regime as well as in the high-frequency range. The net list 
allows for a fast simulation of the high-frequency behaviour of on-chip passive structures 
and checks if the design specifications are met. If this is not the case, the design can be 
corrected and a next loop can be performed through the design cycle (see Figure 1). In 
this way, not only cross-talk analysis, but also other design and reliability issues (signal 
integrity, clock skew) can be analysed. 

 
The project is subdivided in five major building blocks as indicated in the box below. 
Two of them, i.e. the MAXWELL SOLVERS part and REDUCED-ORDER 
MODELING part have a strong interdisciplinary research character. These parts apply the 
first guiding principle, i.e. that no unjustified simplifications are allowed (faithful 
physical modelling) IMPLEMENTATION is the realization into operational software, 
while TEST STRUCTURES deals with the input from users (industries) and the 
characterisation of the results. Finally, EXPLOITATION and DISSEMINATION has 
resulted into a valid business model of the produced code. 
 
�  The CODESTAR code reads the geometrical and physical information of the design 

problem taking into account the material properties of the design.  
 
�  The software solves the electromagnetic fields and the charge transport in each sub-

structure of the design using order reduction techniques.  
 
�  CODESTAR converts the result into an equivalent net list that is next submitted to 

order-reduction techniques to obtain an equivalent net list of lower complexity valid 
in prescribed frequency ranges, with an imposed accuracy.  

 
Starting from the layout description, the result of the CODESTAR code is an equivalent net 
list of passive elements and interconnect patterns taking into account the detailed 
electrodynamics of passive on-chip structures, that can be loaded into a compact model 
simulator (e.g. SPICE) 
 
The field solvers of the CODESTAR code will be able to analyze: 
 
- Spiral inductors with at least 2 windings + under path, with line widths of 1 micron 

over a semiconducting substrate including the drift-diffusion flows. The frequency 
range will be from DC up to 10 GHz, for a mesh size of at least 20x50x50 nodes. This 
calculation will be carried out in no more than 180 minutes. The result of the code will 
be the RLCG parameters of the structure, as a function of the frequency under 
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consideration. The accuracy obtained will be less than 5%. This benchmark requires 4 
x 106

 for acquiring the solution. 
 
- Various three-dimensional structures like line splits, widenings and crossings from DC 

up to 20 GHz micron over a semiconducting substrate including the drift-diffusion 
flows, for a mesh size of at least 40x40x40 nodes. This calculation will be carried out 
in no more than 180 minutes. 

 
As to the Reduced Order Modeling benchmark specification, our commitments are: 
·  Frequency range 0-20 GHz 
·  Initial state space size (number of Degrees Of Freedom) > 100.000 
·  Expected final state space size < 30.000 
·  Expected accuracy over the frequency range 5 % 
·  Topological and geometric complexity: corresponding to 3D field solvers benchmarks 
·  Clock wall computing time on state-of-the-art SUN workstation: 10.000 seconds 
 
The project was performed by 7 partners : IMEC, Ghent University (Belgium), Philips and 
the Technical University (Netherlands), Austriamicrosystems (Austria) and the 
Polytechnical University of Bucharest (Romania) and the spin-off company MAGWEL 
(Belgium)  that was a direct result of the CODESTAR project. MAGWEL’s goal is to 
make the results that have been produced within CODESTAR (and related work) available 
to the semiconductor industry. 
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2. PROJECT ACHIEVEMENTS 

 
 

Field solvers 

 
In the first phase of the project the work on the field solvers has concentrated on 
structuring the solver libraries according to a given backbone that was distilled from the 
knowledge base being present at the different partners’  sites. In particular, a definition of 
the software architecture that is reusable for the various development teams was given. 
The following solvers have been selected for an in-depth study and for being applied to 
on-chip integrated passives and interconnect: 
 
The Lattice-Gauge Solver (LG) 
The Finite-Integration Technique Solver (FIT) 
The Finite-Difference Time Domain Solver (FDTD) 
The Partial-Equivalent Electric Circuit Solver (PEEC) 
 
The Lattice-Gauge Solver exploits ideas that were originally developed in Quantum 
Chromodynamics. The solver is new in its formulation of the electromagnetic field 
problem. The LG solver uses as fundamental degrees of freedom, the electromagnetic 
scalar potential and the vector potential. The gauge condition is respected in the Coulomb 
gauge and ghost field degrees of freedom were added in order to create a well-defined 
mathematical problem. The lattice gauge solver has been selected because it has a direct 
connection with the Technology Computer-Aided Design (TCAD) methods that are 
exploited to compute semiconductor properties. The solver core has numerous external 
libraries implemented and tested. A very successful linear kernel was obtained by 
combining the NAG linear solver library that allows for complex CGS with the 
permutation and row/column ordering algorithms of Duff and Koster (Harwell Subroutine 
Library- Hyprotech). 
 
 
The Finite-Integration Technique uses directly the electric and magnetic field components 
as basic degrees of freedom. The approach is well established for the simulation of 
insulators and conductors. However, semiconductors need to be emulated as moderately 
conducting materials. An original and efficient numerical method called Dual Finite 
Integration Technique (DFIT), an improved version of FIT, was developed. As in FIT, in 
the proposed method the global variables are used as DOFs, but unlike the FIT, the 
Hodge operator is obtained by Galerkin projection, using shape functions, as in Withney 
(Edge) Finite Element Method. Using both staggered grids as graphs for the electric 
network and for the magnetic network as well, the new method allows an efficient 
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accuracy control. The dual (complementary) approach allows the effective control of an 
adaptive procedure for global and local mesh refinement. DFIT accelerates the solution 
process, preliminary tests showing that there are 50 times less DOFs needed to obtain the 
same solution accuracy as in FIT. 
To solve real complex problems an original approach called ALROM (All Level Reduced 
Order Modeling) has been developed. This strategy comprises a series of methods and 
techniques, which can be applied successively or alternatively in all stages of modeling 
process. The main idea is to apply each order reduction method as early as possible, in 
order to keep continuously down the model complexity. In this respect, the 
electromagnetic simulation is mixed with the order reduction. The ROM techniques and 
the modeling aspect covered are: 
 

1. CellHo = Cell Homogenisation and MMD = Mesh-Material Decoupling - Non-
Manhattan interfaces (poly., cyl., via) 

2. ELOB =  Equivalent Layer of Open Boundary condition - Boundary condition 
3. dFIT = dual Finite Integration Technique (La)MG = (Local adaptive) Multi Grid - 

Optimal mesh step 
4. PROM = Phenomenon based ROM based on suitable electromagnetic field regime 

(FW, LL, MQS, EQS, EMQS), CROM = Coarest ROM based on LEC (Lumped 
Electric Circuit) - Displacement current and induced voltage 

5. TCR = Tree/Cotree Reduction, MEEC = Magneto-Electro Equivalent Circuit, SSE 
= Semi-State Equations for star-loop variables - Gauge condition 

6. FredHO = Frequency  Dependent Hodge Operators reduced with LaROM 
(Laguerre/FFT) - Skin effect 

7. ASPEEC = Algebraic Sparcified Partial Equivalent Electric Circuit, SC = Static 
Condensation, HGS = Hierarchical Grid Sparsification - SiO2/Low k insulator 
modeling 

8. SSA = Successive Symbolic Approximation, BANESSA =  Branch And Node 
Elimination with SSA - Si substrate modeling 

9. (RM) KROM = (Recurrent Multi-point) Krylov based ROM - Essential moments 
10. TBR = Truncated Balanced Reduction, Essential singular values 
11. VECTORFIT = Frequency Characteristic Fitting, Frequency behavior 

 

Table 1 - ALROM Strategy and its efficiency 

ROM techniques   Modeling aspect     n - DOFs 
before 

q - DOFs 
after  

Efficiency 
n/q 

CellHo = Cell Homogenisation and 
MMD = Mesh-Material Decoupling 

Non-Manhattan 
interfaces (poly., cyl., 
via) 

10�106 8.3�106 1.2 

ELOB =  Equivalent Layer of Open 
Boundary codition 

Boundary condition 
8.3�106 8.5�105 9.8 

dFIT = dual Finite Integration Technique 
(La)MG = (Local adaptive) Multi Grid 

Optimal mesh step 
8.5�105 1.9�105 4.2 
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PROM = Phenomenon based ROM based 
on suitable electromagnetic field regime 
(FW, LL, MQS, EQS, EMQS) 
CROM = Coarest ROM based on LEC 
(Lumped Electric Circuit) 

Displacement current 
and induced voltage 

1.9�105 105 1.9 

TCR = Tree/Cotree Reduction 
MEEC = Magneto-Electro Equivalent 
Circuit 
SSE = Semi-State Equations for star-loop 
variables 

Gauge condition 

105 71930 1.5 

FredHO = Frequency  Dependent Hodge 
Operators reduced with LaROM 
(Laguerre/FFT) 

Skin effect 
71930 11380 6.3 

ASPEEC = Algebraic Sparsified Partial 
Equivalent Electric Circuit 
SC = Static Condensation 
HGS = Hierarchical Grid Sparsification 

SiO2/Low k insulator 
modeling 

11380 883 12.9 

SSA = Successive Symbolic 
Approximation 
BANESSA =  Branch And Node 
Elimination with SSA 

Si substrate modeling 

- - - 

(RM) KROM = (Recurrent Multi-point) 
Krylov based ROM 

Essential moments 
883 10 88.3 

TBR = Truncated Balanced Reduction Essential singular 
values 

10 6 1.6 

VECTORFIT = Frequency 
Characteristic Fitting  

Frequency behavior  
6 1 6 

 
 
 
This strategy comprises a series of methods and techniques [2], [3], [4], [5], which can be 
applied successively or alternatively in all stages of modeling process as is illustrated in 
the flow chart below. 
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The main idea is to apply each order reduction method as early as possible, in order to 
keep continuously down the model complexity. In this respect, the electromagnetic 
simulation is mixed with the order reduction. 
 
 
In addition to spatial extension addressed by ALROM strategy, the simulation method 
developed by LMN team ephasis also on the speed-up. The simulation strategy called 
VFSS (Very Fast Simulation Strategy) comprises besides ALPROM (smaller models are 
obviously simulated faster than large ones) the following acceleration techniques: 
 
·  TLTM - Transmission Line model based on Transversal Magnetic field; 
·  AFS - Adaptive Frequency Sampling; 
·  FTS - Frequencies versus Time domain Simulation; 
·  PDS - Parallel or Distributed Simulation. 
 
Table 2 Efficiency of the VFS strategy 
 

VFS techniques   Modeling aspect     Simulation  speed-up 
AFS - Adaptive Frequency 
Sampling  

Frequency analysis 
5.5 

TLTM - Transmission Line 
model based on Transversal 
Magnetic field 

2D geometrical structure with 
transversal magnetic field 41 

MACRO MODELING 

DURING THE MODEL 
EXTRACTION  
("on the fly") 

MMD  
dFIT 

FredHO 

SS-EQs 

RSS-EQs 

Cell-
 

(C+Rm)Cell 

ASPEEC 

(RC+Rm)Cell 

PROM  

MEEC  

CROM/LE
 

ES+MS in 
  

(La)MG  

LaROM  

EMQS(no m.e.d.c.) in Si 

RMK ROM  

TCR/Star-Loop variables  

VECTORFIT+PKZ2CIR  

TBR+SYS2CIR  

MQSin 
Metall  BEFORE THE MODEL 

EXTRACTION 

 Banessa =SC+HGS+SSA 

Elob  

CIR 

CIR 

CIF, GDS 

SIPP  

AFTER THE MODEL  
EXTRACTION 

MODELING 
STAGE: 

CIR 
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PDS - Parallel or Distributed 
Simulation 

Available platforms 
12 

 
 
The capability to turn these methods on and off allows the user to control the CPU time 
consumption substantially. In particular, a calculation that lasts for a week can be reduced 
to a few hours.  
 
The graphical-user interface of the simulators is organized to ensure: 
 
·  visualization, evaluation and saing of the results in different formats such as .sys 

(semi-state system), .net (equivalent circuit netlist) and .snp (frequency responses in 
Touchstone format), 

·  efficient processing of the model, 
·  connection with other research areas, 
·  generation of results in formats that can be easily included in reports, articles or other 

publications, 
·  demonstrations, 
·  training and education. 
 
The Qt GUI (fig.4, 5) provides three ways for user interaction: 
·  graphical editor window with title bar, 
·  menu bar and a window where graphics are drawn; 
·  toolbar with push buttons that execute frequently used commands. 
 
The grid generator can handle uniform and non uniform mesh 
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GUI of DFIT simulator

 
 

 
 
 



 
CODESTAR: IST-2001-34058 final repor t 

15 

Structure editor for the dFIT simulator

 
 
 
 
 
The Finite-Difference Time Domain (FDTD) solver does not rely on matrix inversion. 
Contrary to the LG and FIT solver, nowhere in the method needs to be solved a gigantic 
matrix equation A.x = b, where A is a large sparse matrix and b is a known right-hand 
side. The method is based on “marching in time” by performing time-step updates that are 
extracted from the values of the variables at a prior time stamp. 
 
The Partial-Equivalent Electric Circuit (PEEC) solver has been applied for packaging 
problems. However, its application to on-chip structures is rather new. A major ingredient 
in the PEEC method is the Green function that describes the response at some location 
(effect) due to a perturbation (effect) at some other location. These Green functions are 
easily obtainable in free space but in layered structures, the Green functions need to be 
modified in order to capture faithfully the interfaces and the propagation of signals in the 
media.  
 
All methods require a careful analysis of the boundary conditions. In particular, the 
success of the method depends on the validity of the assumptions that are usually made to 
set up a well-defined and solvable problem.  
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In the initial phase the circuit extractions are done by the set up of the impedance 
matrices. In a later phase of the project, the connection to S-parameters is made. In fact, 
the work on reduced-order modeling is an important ingredient towards efficient 
extraction. 
In the first phase of the project the following results for the field solvers have been 
realized: An upgraded version of the FDTD code has been created by Ghent University. 
This tool is a serious improvement with respect to the older versions of the FDTD solver. 
The lattice-gauge solver of IMEC is stable for insulating and conducting materials, both 
in the static and high-frequency regime. Semiconducting materials can up to now be 
handled in the static regime. The non-linearity induced by the presence of semiconducting 
materials are already encountered in the static case. 
 
 
 

Reduced – Order Models 
 
 
Whereas the field solvers provide a very detailed solution of the integrated passive 
components and interconnect structures, this detailed solution should be further processed 
to extract that information that is suitable for feeding the next cycle in the design chain. In 
particular, from a designer’s point of view it is not relevant to known the current density 
at every point in the structure, but only the net current that is seen at the ports. 
An important task of the project consisted in screening of reduction methods. The 
scientific literature contains a wealth of papers on reduction techniques and it is very 
relevant to evaluate all methods against their usability for on-chip integrated passives 
modelling. An extensive overview has been produced in this product that describes the 
state-of-the-art in reduction methods. The report discusses in-depth the capabilities and 
limitations of the various methods. Many methods are based on the Krylov subspace 
technique. The latter method aims at finding the dominant eigenvectors of the 
input/system/output matrix, thereby describing the transfer function by a limited set of 
parameters. During the work in the project, it was observed that a substantial 
improvement of the Krylov methods could be realized by applying re-orthogonalizations. 
In the first phase of the project (before the test results were available), about 40 problems 
have been selected for the literature to test and benchmark the theoretical backbone and 
software implementation. 
Research was done on how to apply the Laguerre-SVD technique to very large systems 
and how to directly derive a state-space description from FDTD. A first indication was 
observed that FDTD is not able to model the skin effect. 
The state equations of electromagnetic devices have been derived when FIT is used to 
discretize the field equations and boundary conditions. The constitutive relations are 
generated by using the Galerkin projection. An original homogenization technique is 
previously applied to each cell. The goal is to find the matrices A, B, C, D, E of the 
associated linear time invariant system having small size and sparse structure. To reach 
this goal, dependent state variables are eliminated, by using an original tree/cotree/mesh 
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approach. Using this approach for a device with n cells, a series of state equations with 
sparse matrices were generated. Their state space dimensions were in a decreasing 
sequence from O(n6) to O(1), each one being valid for a particular regime of the 
electromagnetic field: full-wave, loss-free, inductive quasi-steady-state, capacitive quasi-
steady-state, steady state and static fields. All obtained systems are passive and suitable 
for Krylov type reduced order procedures (e.g. Prima). 
Another approach is dedicated to the simplest and coarsest reduced order modeling 
(ROM) technique (CROM) used to obtain the “ lumped equivalent circuit” . It has the 
same behavior as the studied device in the steady state regime and at relatively low 
frequencies. Using the energy equivalence, a RLC circuit absorbing the same power and 
storing the same electric and magnetic energy as the field device is synthesized. The 
Schur complement technique is used to establish a bridge from FIT (local-volume) to 
PEEC (global-surface) approach, thus reducing the space state order from O(n3) to O(n2)- 
O(n). 
Special attention is paid to degenerate cases, when the matrix R is singular. The obtained 
method can be easily applied to extract RLCG parameters of transmission lines with TEM 
fields. By using cascaded (ladder) circuits, the homogenous and non-homogenous 
transmission lines can be modeled in an efficient manner, extending the valid frequency 
band of CROM models. 
Finally, work was dedicated to the description of the (SPICE) circuit synthesis, based on 
state-space equations. Unlike the equivalent circuits encountered in the literature, which 
have O(n2) parameters (due to the mutual inductivities), the circuit we propose has only 
O(n) parameters. It consists of four subcircuits coupled with linear controlled sources: 
electric circuit (~3 branches per cell), magnetic circuit (~3 branches per cell), summation 
circuit (~2 branches per cell) and derivation circuit (~2 branches per cell). In the 
subdomains filled with materials having degenerate constants, some of these subcircuits 
are eliminated and the equivalent circuit is simplified. All methods to reduce the order of 
equivalent circuit/system presented in this report can be considered as 
“phenomenological reduced order  model”  technique. 
The rich collection of ROM tools has resulted into the ROM Workbench. The workbench 
is able to compare the responses obtained for different systems to compare the reference 
model and the reduced one. The comparison can be carried out either on the time 
responses (step, impulse, etc.) or on the frequency responses (Bode, Nyquist, Smith, etc). 
Lumped parameters, quality factors or line parameters can also be compared.. 
Considering the final aim of the CODESTAR project, i.e. the generation of reduced 
model synthesized by a SPICE circuit, the ROM workbench includes techniques for 
circuit synthesis as well. There are two methods implemented. One of them is the Direct 
Stamping method, more appropriate for reduced models represented by reduced state 
space matrices (such as the output of Krylov type methods). The other method is the 
Differential Equation Macromodel, more suitable for reduced order methods that 
generated transfer functions (such as the output of vector fitting). In this way, the ROM 
workbench allowed not only the testing of ROM techniques but also of SPICE synthesis 
algorithms. 
The implementation of the ROM workbench is under Matlab, with GUI. Various tools of 
the ROM Workbench are independent objects that are linked in the CODESTAR 
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software. The stand-alone tools related to reduction and synthesis, extracted from ROM 
Workbench and translated from Matlab to C are: 
 
krom – reduction with Krylov type methods 
tbr  – reduction with truncated balanced realization 
snp2cir  – reduction based on vector fitting and synthesis with differential equation 
macromodel 
sys2cir  – synthesis with Direct Stamping method 
ispassive – checks passivity 
 
A series of postprocesing tools were also extracted from ROM Workbench and translated 
from Matlab to C: 
 
snpview – converts from different type of representations: S, Z, or Y parameters 
snpdiff – compares frequency responses and computed relative differences 
snp2r lc – computes lumped R, L, C parameters or p.u.l. parameters *  
r lc2snp – computes frequency response from p.u.l. parameters 
cir2sys – computes the descriptor state space representation of a circuit given in a Spice 
file  
cir2snp – calls Spice and converts its output in standard touchstone format. 
 
*  p.u.l. = per unit length 
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ROM Workbench - main blocks
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Besides the focusing on generic reduced-order modelling methods as described so far, a 
specific testing of a number of methods have been performed at PHILIPS. For the 
electromagnetic analysis of complex interconnect structures, the internal Philips layout 
simulation tool Fasterix has been developed. In Fasterix the interconnect structure is 
discretized and a boundary element method is used to model the structure as a lumped 
RLC circuit. In the current implementation, the sometimes very large RLC circuit is 
represented in a compact way by making use of the so-called ‘supernode algorithm’  [R. 
du Cloux, G.P.J.F.M. Maas, A.J.H. Wachters, “ Quasi-static Boundary Element Method 
for Electromagnetic Simulation of PCBs” , Philips J. Res., 1994, Vol. 48, pp. 117-144.], 
which generates a compact equivalent circuit model for use in circuit simulation. 
However, since the stability of these models is not guaranteed, transient circuit 
simulations often result in convergence problems. 
In order to remedy these instabilities, a number of ROM methods, preserving stability and 
passivity, evaluated and/or developed in the Codestar project, have been investigated. 
Especially Krylov-subspace methods have shown themselves to be very accurate and 
suited for this area of application. Not only linear time invariant (LTI) systems can be 

ROM Workbench GUI
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subject of these methods, also weakly non-linear or quadratic models are treated in the 
same way as LTI systems. An important issue in reducing the size of models is the 
preservation of passivity. In order to be able to use the model in circuit simulation, the 
realization of an equivalent circuit is essential.  
The application of ROM methods in the layout simulator Fasterix demands a robust 
implementation suitable for relatively large problems, consisting of singular and non-
singular matrices. The models of the layout simulator are described in n-port models, so 
also the reduced models have to be realized into n-port models. Time domain simulations 
have to be done with these circuits. A special implementation of the SVD-Laguerre ROM 
method as given by Knockaert and De Zutter [Luc Knockaert and Daniel De Zutter, 
“ Passive Reduced Order Multiport Modeling: The Padé-Arnoldi-SVD Connection” , Int. 
J. Electronics and Communications, 1999, Vol 53, pp. 254-260.1990] has been 
implemented and tested. 
There are several properties of the original transfer function, which have to be preserved 
during reduction, to be able to speak of a good approximation. To start with, obviously 
the behaviour of the system should be approximated well. Because we have a closed 
relation in the frequency domain for this behaviour, the main goal of many ROM methods 
is to approximate the behaviour in the frequency domain. However, finding a good 
approximation, does not guarantee stability. Stability, the property that in time domain the 
signal stays bounded, is a very important property. For this method it can be proven that 
stability is preserved during reduction, which makes it useful for the purpose of applying 
them to make time domain simulations possible. Passivity should also be preserved by 
this method. 
To make the ROM method suitable for real-life applications like the layout-simulator 
Fasterix one should implement the Krylov subspace methods in a robust way. An 
important issue one then has to deal with is the orthogonalization of the Krylov-space. 
Accuracy and efficiency of the methods can be influenced after taking care of the 
orthogonalization of the Krylov space. 
A straightforward generation of the Krylov space, essentially leads to an ill-conditioned 
matrix. For accuracy reasons we therefore propose to do the orthogonalization of the 
Krylov columns during their generation. This improves the numerical properties of the 
space and avoids the need of an expensive orthogonalization afterwards, with for instance 
Singular Value Decomposition. 
The order in which the columns are generated and orthogonalized can be chosen, but a 
wrong order will lead to loss of information or generation of spurious information. The 
basic properties of Krylov spaces must be preserved. In the case where a Krylov space is 
built up for several right-hand sides simultaneously the orthogonalisation a block Arnoldi 
orthogonalization provides us with a good order in which the columns of the Krylov 
space are generated and orthogonalized.  
To improve the orthogonality we further propose to orthogonalize twice, to ensure that 
the columns are orthogonal up to machine precisions. This is done to avoid instability due 
to numerical round-off errors.  
The need for a realization of the reduced circuit is obvious. We would rather not calculate 
expensive time-domain results via the frequency domain results. We also would like the 
model to be usable in different settings and for different input signals. We want to 
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represent the reduced n-port model in terms of a circuit, understandable for a circuit 
simulation. Because the number of ports is preserved during reduction, we are still able to 
couple the ports of the reduced system to the rest of the circuit. With these circuits we 
were able to do stable transient simulations.  
The performance of the implemented SVD-Laguerre ROM technique is evaluated by 
performing electromagnetic simulations on real-life interconnect structure with the 2.5D 
EM simulator Fasterix. In the transient circuit simulation a step-shaped signal is supplied 
at the input of a filter design. The rise and fall time of the input signal are 100 ps. The 
step response is observed at the output of the circuit. Both curves are given in the figure 
below. The main advantage is that stable transient analysis can now be performed on the 
layout structures, which was not possible with the original method. 
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Implementation 

 
 
During the first three months the formats through which the several independent software 
modules (field solvers) are addressed. The input file is scanned for errors and 
inconsistencies by XERCES XML parser (www.xml.apache.org). Next it is converted 
into the data structures as described by the API (application-programming interface). 
 
A filter reads the geometry of a problem given in a GDS file and converts it to the format 
that is defined for the common backbone. A structure editor for the field solvers was 
developed.  
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The construction of a unified interface of the various tools into an integrated platform is 
realized. The generic software environment allows messaging to various building blocks 
such as the geometry libraries, the linear solvers and the post-processors (viewers). The 
generic software environment is provided by the Technical University of Eindhoven and 
is known as NumLab. The NumLab software communication techniques let existing 
software libraries communicate via uniform interfaces. The NumLab libraries are used 
stand alone with C++ compilers and also with a C++ interpreter (matlab style). NumLab 
is not an application. However, NumLab libraries can be used with network (dataflow) 
editors. A parser for the networks format is written to generate code that can be compiled 
and executed as stand-alone application. This parser is also used to generate the VTK 
(Visualization Tool Kit) pipelines in the Postprocessing/Render applications. 
 
A parallel route has been explored to realize the integration by files exchange.  
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Test structures 

 
The specifications of the test structures were defined in agreement with the end-users, the 
developers and the characterization engineers. The test structures will be processed in a 
CMOS and BICMOS process. The structures will be characterized using on-wafer S-
parameter techniques. State-of-the-art characterization procedures were applied. Finally 
benchmark simulations will be run to evaluate the capabilities and limitations of both 
commercially available tools and the newly developed tool. Besides the processing of 
CMOS (> 100 nm) and BICMOS structures, measurements will be performed on (sub-) 
100 nm CMOS devices with integrated back-end passives (RF-CMOS).  Both at AMS 
and IMEC, test structures were defined and processed. The implementation/selection of 
the test structures for passive devices, inductors and substrate coupling was done in close 
cooperation with RF design departments at AMS therefore reflecting the actual and future 
needs of RF circuit design. The test chips have been implemented with regard to state of 
the art SOLT calibration and 2-port S parameter measurement techniques including 
proper de-embedding structures. 
IMEC and austriamicrosystems has provided benchmark reference data for the a series of 
test cases.  Two main groups of test cases have been proposed:  
 
1) Standard Structures: 

a. Resistors, Capacitors and Inductors  
b. Transmission line structures in Al/Oxide, Al/Lowk, Cu/Oxide and 

Cu/Lowk, to cover high frequency applications of advanced interconnect 
technologies based on Cu and lowk materials and compare them with 
more traditional materials as Al and oxide;  

c. 2D and 3D interconnect models of current and future technology nodes, 
based on dimensions and material properties dictated by the ITRS 
roadmap [1], with the aim of predicting their performance at high 
frequency. 

 
2. Challanging Structures focuses on the implemented test containing guard bars 

(substrate coupling structures), RF pads and LC oscillators. Again the complete 
test-chip containing all geometrical and material variations is described and 
special structures are presented in detail. Those structures are important for RF 
design and the optimisation is now mainly done by testchip implementation and 
subsequent RF measurements. 

 
The following structures are implemented on the CODESTAR test-chips. 
LL Cells: The coupling between two identical inductors separated by different distances 
is examined by these structures. 
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LC Cells: The resulting impedance of a capacitor connected in series with a spiral 
inductor is examined by these structures. 
Substrate coupling analyses structures: The signal at a receptor electrode arrived through 
the substrate from an injector electrode is examined by these structures. 
RF – Pads: RF pads provide a low reactance interface point for connecting the internal 
circuitry through the bond wire and package leads to the application environment.  
 
Full characterisation of the standard structures such as resistors, capacitors and inductors 
have been done, including intensive discussion of the correct de-embedding strategy. 
Each measurement plot is completed with a snapshot of the design layout. Only the de-
embedded part is indicated without the pads and pad interconnects. This is the net 
geometry the simulations shall be carried on in compliance with the de-embedded 
measurement data.  
 
High frequency measurement results have been provided in terms of S-Parameters and 
Line parameters (RLCG per unit length) after de-embedding.  
The Multiline-TRL (Thru-line-reflect) procedure is used to de-embed the measured s-
parameters of the transmission line test structures. The M-TRL algorithm is one the most 
accurate VNA calibration procedure for on-wafer measurements and the basis of industry 
standard calibration software NIST Multical. The TRL procedure employs multiple 
lengths for a particular transmission line configuration and a separate reflect standard to 
accurately de-embed the DUT (Device under test) by eliminating the effect of contact-pad 
parasitics.  
 
The accuracy and repeatability of high frequency measurements with the network 
analyzer is a critical aspect which has been verified by measuring the same structures 
both in IMEC and AMS; very good consistency in the results has been obtained. 
 
There have been issues with the Cu-Oxide and Cu-Lowk structures. Cu-Lowk structures 
suffer from excessive attenuation at high frequency. This is due to the non-optimal 
insulator stack in terms of too low thickness, which causes a high resistance of the line. 
Long lines suffer from excessive attenuation, thus limiting the measurements accuracy; 
short lines have very high parasitic capacitance of the pads, much larger than the 
capacitance to be measured on the line thus making the de-embedding unfeasible. In both 
cases, the full set of RLCG parameters cannot be extracted; only the R and C parameters 
have been obtained. S-parameters without de-embedding are provided to make a 
comparison between measurements and simulations even without RLCG parameters 
available. 
 
The Cu-Lowk architectures are forecasted as the most promising solutions to progress in 
the sub-100 nm node. In parallel, the less ambitious route consisting of Cu and Oxide is 
explored, since the lowk material remains critical with respect to mechanical stability. 
Also, a new Cu-Lowk run with optimized stack is foreseen. Therefore, IMEC provided 
test structures results to the full collection of the Codestar benchmark database.  
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The simulation data has required high frequency measurements on submicron technology 
structures for the extraction of tangent loss data, a parameter not available in the ITRS 
Roadmap. The results from Codestar simulations of these models allow to make 
predictions on the high frequency performance of future interconnect. 
 
The challenging structures have been proposed as optional elements for the examination 
of some special effects requested by the end users. Some of them may be outside of the 
scope of. The challenging structures are all strongly relying on physical phenomena 
taking place in the substrate. Complicated p-n junction structure can colour the picture 
e.g. in case of the RF pads. Nevertheless any information obtained from an even 
approximate CODESTAR simulation may be helpful for the understanding of the basic 
characteristics. 
In order to benchmark some process parameter values in the vicinity to the CODESTAR 
devices, a third testchip CODESTAR3 has been implemented. The concept relied on 
capacitance measurements which can be performed with high accuracy by an LCR meter. 
The information could be used to double-check the thickness parameters provided by in-
process control. The layer thickness in each case was calculated from the plate capacitor 
equation assuming a constant epsilon. The chip enabled VNA measurements as well. It 
turned out however that the latter was not necessary because the LCR meter 
measurements were stable and accurate enough to determine the desired values. The 
obtained thickness data are in good agreement with the MAP entries.  
 
The test structures were measured and simulated. Four simulators were considered. The 
Dual Finite Integration technique (DFIT), the standard Finite Difference Time Domain 
solver (FDTD), the Partial Electrical Equivalent Circuit (PEEC) method and the Lattice-
Gauge LG solver (LGSOLVER) are demonstrated. Based upon the simulations a compact 
(SPICE) model is calculated. The results show the quantitative correlation between 
measurements and simulations for meander and segmented type resistors, PIP and MIM 
capacitors, inductors, high frequency interconnect structures with Al-SiO2, Al-Lowk and 
Cu low K material and 2D/3D Interconnect models. A good agreement of less than 10 % 
is obtained between measurements and simulations. 
The most relevant discrepancies were found for the Cu-lowk structures. They can be 
reasonably explained by process artifacts as dishing in Cu lines due to CMP, causing a 
decrease in the effective thickness of the wires and consequently a higher value of the line 
resistance in measurements with respect to simulation. In the model used for simulation, 
the nominal thickness is considered. The resistance increase in the measurements has 
been confirmed by extensive DC measurements along the wafer containing the structures. 
The minor differences are due to the remaining inaccuracies in the de-embedded data 
from the electrical measurements. 
For the 2D and 3D interconnect models, the comparison between the results from the 
Codestar solver and the static solver is also rather good; here the most significant 
differences come from the difference in the return path of the models in Codestar; where 
the total resistance of the line includes the resistance of the return path in the adjacent 
conductors, thus resulting higher than the DC resistance of the central line only as 
calculated with the static solver. 
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Results 

 
In this section we will present some results that have been produced in the CODESTAR 
project. In particular, comparison between experimental data and simulation data are 
provided.  
 
One of the goals of the project was to submit several solution methods to a confrontation 
with experimental data. 
 

MIM Capacitor  
 
The first example deals with a Metal-Insulator-Metal capacitor. This is an integrated 
passive component that needs to be characterized at high frequencies. Before performing 
the high-frequency analysis, a static analysis is done. (It should be emphasized that static 
and low-frequency simulations can be performed with the LG and dFIT solver. These 
solvers do not suffer from an “ infrared”  catastrophy). Static voltage distributions can be 
visualized with the VTK (visualization tool kit). The static voltage of the MIM capacitor 
is shown below. 
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The lay-out of the MIM capacitor is show below. 
 

 
 
 
Above a substrate, a metallic layer is deposited. Next a thin layer or dielectric is deposited 
and next a second metallic plate is deposited. Above this plate a ©thick layer of dielectric 
material is deposited and the contact pad is attached. The contact pad is attached to the 
second metallic plate of the condenser by a grid of vias that are etched in the top 
dielectric layer.  The vias are also seen in this plot. The result is obtained form the reader 
that converts GDS to XML. The next four figures provide the S parameters. 
 
 



 
CODESTAR: IST-2001-34058 final repor t 

29 

  
 
 

 
 

Real (S11) 

Imag (S11) 
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S parameters for  CMIM: measured and simulated with dFIT 
 
The MIM structure can be described with a 4-parameter ROM model with the ROM-
Workbench. The S parameters after reduction are shown in the figure below. 

Imag (S12) 

Imag (S12) 
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Accuracy: 3.75% < 5%. 
The imposed accuracy for  at the standard structures = 5%  

 
 

The MIM capacitor has also been evaluated using the LG solver. The figure below shows 
a comparison between the measured and simulated capacitance 
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Capacitance for  CMIM: measured and simulated with LG 
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Spiral Inductor  
 
The second example deals with a spiral inductor. A series of these inductors have been 
produced and characterized in the project. This is an integrated passive component that 
needs to be characterized at high frequencies. The layout of the spiral is shown in the 
figure below. This is a snapshot from the MAGWEL front-end editor. The result is 
obtained by applying the GDS reader and by conversion to XML. 
 

 
 
Before performing the high-frequency analysis, a static analysis is done. The static 
voltage of the spiral inductor is shown below. 
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Static voltage of the spiral inductor  as obtained from the dFIT solver  
 

 
Q-factor  of the  spiral inductor  as obtained by the LG solver  
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Coplanar  L ine 
 
The simulation of a coplanar line was successfully achieved for the LG solver and the 
dFIT solver. Below a snapshot is presented from the LG front-end design environment. 
 

 
 
A typical (LG) field solver results is shown in the next figure. 
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After loading the measured and simulated S parameters into the ROM Workbench, the 
follwing results were obtained. For a two parameter model the coplanar line  
 

 
 

Result for q=2 for Real (S11) and Imag  (S11) 
 

 
Result for q=4 for Real (S11) and Imag  (S11) 

 
 

 
 

Result for q=10 for Real (S11) and Imag (S11) 
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The models cover a large frequency range: 0 - 10/20 GHz respectively actually 0 - 30/40 
GHz. Equivalent SPICE ne tlist of reduced order model are created and matching 
between measurement and (SPICE) simulation results is found. Following the 3d 
guidance principle, i.e. keeping the CPU time consumption in acceptable range, the 
ALLROM strategy was implemented.  
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Compar ison with the state-of-the-ar t  
 
Whereas FDTD is rather well-known and widespread method for solving the fields in real 
time, the state-of-the-art positioning of the CODESTAR work is leading edge (see also 
below). The lattice–gauge field solving technique can be viewed as revolutionary in 
electromagnetic simulation of highly-non-linear systems. This is solely due to the new 
treatment of the (singular) ´Ñ´Ñ  operator by using ghost fields. This method has also 
found its acknowledgement in the physics community by the publication of a Phys. Rev. 
Letter in May, 2002 (A journal with the highest ranking in physics). CODESTAR has 
produced the first ab-initio simulation ever combining a full device simulation with a full 
Maxwell formulation of the electromagnetic fields for high frequencies 
 
There are quite a number of software providers of which many are strongly positioned in 
the field of microelectronic applications. The companies that come closest to the 
CODESTAR field of application are: ANSOFT, SYNOPSYS, SILVACO, CST, 
REMCON, ZELAND. It is unavoidable that overlap exists. However, we believe that 
CODESTAR has done substantial complementary work into four directions: 
 

1. The connection to GDS and the mesh cleaning steps that are required after it, are 
an important aid for designers.  

 
2. There is a smooth transition from static to high-frequency computations possible: 

Many approaches work fine at high frequency but become unstable at low 
frequency. 

 
3. The inclusion of semiconductor materials is a unique asset: it allows for an 

integrated simulation of front-end process and back-end process phenomena. 
 

4. The coverage of a full simulation flow (structure layout        field solver     
compact and/or reduced models (SPICE)) belongs to the most complete approach 
available today.  

 

Dissemination 

 
In August, a senior member of the scientific staff, prof. F. Olsylager, also involved in the 
CODESTAR project, received the Koga Gold Medal "in recognition of his work on 
theoretical and numerical electromagnetics” . This medal is awarded at the 3-yearly General 
Assembly of the International Union of Radio Science (URSI) to a scientist not exceeding 
35 years of age. 
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1) CODESTAR has been presented at the conference “Scientific Computing in Electrical 

Engineering”  SCEE-2002 held in Eindhoven in June, 2002. 
2) At this conference a series of papers have been presented by the partners of the 

CODESTAR consortium.  
3) CODESTAR is promoted at the meeting “Computing in Industry”  that took place in 

Riga in September, 2002 
4) The lattice-gauge solver was presented at the conference SISPAD 2002, held in Kobe 

(Japan). 
5) The project leader was a member of a panel discussion on SoC and field solving. This 

was a unique opportunity to advocate the CODESTAR solution to a broad audience 
of experts dealing with timing and high-frequency related design issues. 

6) The codestar web domain can be found currently as a direct link in the IMEC web 
pages. 

7) The project leader has visited IEDM in San-Francisco in December 2002. At this 
meeting a number of contacts have been established that should serve as potential end-
users of the CODESTAR project results.  

8) At February 12, 2003, the project leader has participated in the MAGIC_FEAT 
workshop in Erlangen (Germany). This meeting was extremely useful from the point of 
view of estimating the CODESTAR software performance compared to what is done in 
the MAGIC_FEAT project. In the latter three-dimensional process and device simulation 
is studied. The CODESTAR software has comparable CPU consumption as a function of 
problem size. Therefore, our results are compatible with the state-of-the-art from 
computational point of view. 

9) The WP4 leader has visited the IC-Cap workshop organized by Agilent in Berlin in April 
2002. This meeting was extremely useful from the point of view of S-Parameter 
measurements and passive device characterization. 

10) A visit at the DATE in Munich in March 2003 gives an interesting overview of stat of-
the-art field solver tools incorporated on CAD environment. 

11) At October 15-16, 2004, a demo booth of MAGWEL was set up at the annual research 
review meeting of IMEC in Leuven-Haasrode. This demo contained the on-site 
presentation of the MAGWEL solver.  

12) MAGWEL participates in the EU project NANOCMOS. This has led to extensive 
dissemination of the CODESTAR results amongst the developers of the 65 nanometer 
node in Europe. A presentation was given at the kick-off meeting in Infineon Munic, 
March 23, 2004.    

13) At April 13 2004, a presentation of the MAGWEL/ CODESTAR tools was organized for 
process and device development engineers of PHILIPS-Leuven. 

14) At June 16, 2004 the project leader and principal developer participated at the UPPER+ 
and MULSIC workshops at Erlangen. 
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To summarise the status of the project, we conclude that the project is well on schedule.  
There are already a series of interesting results. We refer to the extensive deliverables D1 
and D4 being important generic documents. Although in the recent period there has been 
a reduced level of interactions, due to the summer break and conferences that are on-
going, the project is still a major activity of the partners. In particular, the conference 
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visits are great opportunities to promote the CODESTAR project. The major challenge in 
the future is to sustain the boost that was released at the launch of the project.  

 

 

Best-practice rules 

Although the integration through files generates a software package slower than a code 
integrated through object-oriented application program interfacing, it has a series of 
advantages (effortless integration, easy maintaining and upgrade of independent modules, 
lack of side effects between modules, possible remote run of computational intensive 
modules, etc). That is why it is used by many professional software packages in 
electromagnetic field computation to integrate pre-processor, solver and post processor.  

 

 

Recommendations 

This section describes a series of recommendations for further research work. 

·  The project has learned is that there was a tremendous gap between the academic 
problems that are addressed in universities and research institutes for developing 
solver techniques and the problems that are encountered in industrial 
environments. The conversion of the GDS files to XML files lead easily to 
500.000 up to 1 million nodes. In electromagnetism one would then have to solve 
up to 10 million degrees of freedom. Intelligent mesh cleaning algorithms should 
be further developed. 

·  PEEC turns out to be not very suitable for on-chip applications. The reason is that 
the Green functions can only be obtained conveniently in free space or in layered 
structures. For industrial application, PEEC generates a far too large mesh for 
being suitable for solving. 

·  FDTD turns out to be extremely hard for the applications to on-chip interconnect 
simulation and integrated passives simulation. Several severe problems have been 
detected. The skin effect is difficult to capture and late time instabilities show up. 

·   Lattice gauge solving is the only feasible method to include semiconducting 
materials in the simulation problem. Yet further research is recommended to 
accelerate the algorithms.  
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·  dFIT has proven to be a very robust method to achieve acceptable results in a 
limited CPU time. Using ALLROM this time can still further be reduced. 
However, further research is needed to enhance the predictability under ALLROM 
conditions. So far, ALLROM was successful by a postiori checking the outcome. 
However, the stack of approximation will act as draw back if discrepancies need 
to be explained. Further experience has to be gathered to handle such situations. 

·  The solution of present-day electromagnetic problems heavily relies on the quality 
of the linear solvers. It is recommended that continuous support is provided to 
developers of linear-solver methods.  

 

 

Conclusions 

 

Scientific integrity obliges us to say that structure characterization by a simply pushing 
buttons in a design environment turned out not to be realistic. Even if all software is in 
place, the human intervention is terms of intelligent use of the tools remains crucial in 
doing the computations correctly. Appropriate settings of the boundary conditions, 
selecting sensible simulation domains, putting effort in mesh cleaning, are tasks that can 
not be automatically done today. There are a few reasons for this: present-day desktop 
computers have not enough memory to allow for large numbers of mesh nodes for 
electromagnetic field solving for microelectronic on-chip applications. Thus intelligent 
use of resources remains important. Another aspect is that linear solvers are still not at the 
level of robustness as would be required in our applications. There is plenty of room for 
improvement in this area of research. 

 

Considering the large amount of activities as well as the large variety of benchmarks, we 
conclude that the project has reached a major part of its goals. Although not all goals have 
been reached until now, substantially progress has been achieved in understanding and 
computing electromagnetic problems for interconnects and integrated passives. The 
CODESTAR results are exploited in other EU projects such as NANOCMOS and 
UPPPER+. The creation of a spin-off company with the goal of commercializing parts of 
the research that was done in CODESTAR is a major achievement. 

A series of best practice recommendations can be formulated.  

Let us now return to the original goals: 
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·  The CODESTAR code reads the geometr ical and physical information of the 
design problem taking into account the mater ial proper ties of the design.  

This goal has been achieved by using an XML parser and constructing  GDS and CIF 
readers 

·  The software solves the electromagnetic fields and the charge transpor t in 
each sub-structure of the design using order  reduction techniques.  

The field solvers have been studied: The LG  solver and the DFIT solver are performing 
successful simulations, PEEC was able to read the benchmarks and  produced simulation 
data for some benchmarks.  No results from FDTD were reported within the time 
constraint for D16. 

·  CODESTAR conver ts the result into an equivalent net list that is next 
submitted to order-reduction techniques to obtain an equivalent net list of 
lower complexity valid in prescr ibed frequency ranges, with an imposed 
accuracy.  

Starting from the layout description, the result of the CODESTAR code is an equivalent 
net list of passive elements and interconnect patterns taking into account the detailed 
electrodynamics of passive on-chip structures, that can be loaded into a compact model 
simulator (e.g. SPICE) 

A series of tools collected and integrated by LMN are able to realize this task. 

The ROM workbench is fully equipped for this part of the simulation flow and therefore 
we conclude that this goal is achieved. 

The field solvers of the CODESTAR code will be able to analyze: 

·  Spiral inductors with at least 2 windings + under  path, with line widths of 1 
micron over  a semiconducting substrate including the dr ift-diffusion flows. 
The frequency range will be from DC up to 10 GHz, for  a mesh size of at 
least 20x50x50 nodes. This calculation will be carr ied out in no more than 
180 minutes. The result of the code will be the RLCG parameters of the 
structure, as a function of the frequency under  consideration. The accuracy 
obtained will be less than 5%. This benchmark requires 4 x 106

 unknowns 
for  acquir ing the solution. 

As to the MAGWEL solver, spiral inductors with two windings and more (up to 4)  have 
been computed.  However, the interwinding spacing is an important parameter for setting 
the mesh and although 40x40x40 nodes is not an issue, the  meshes need to be much 
larger in order to produce stable results. There is a clear need to work with unstructured 
meshes. With the structured meshes the computation time goes easily above 180 minutes. 
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As to the FIT solver, the challenging benchmark of spiral inductors was solved in less 
than one hour in the frequency range 0-20GHz, starting from an initial mesh of 681,876 
nodes (over 4 million DOFs) and applying the ALLROM and VFS strategies.  The 
parameters R,L,C,G as function of the frequency have been extracted, as well as S 
parameters for direct comparison with the measurements. Qualitatively, their behavior 
looks like the measurements. The error is 20 % and it is probably due to technological 
spread and measurements errors. As a consequence, this goal has been achieved as far as 
the spiral characterization is concerned. 

·  Var ious three-dimensional structures like line splits, widenings and crossings 
from DC up to 20 GHz micron over  a semiconducting substrate including the 
dr ift-diffusion flows, for  a mesh size of at least 40x40x40 nodes. This 
calculation will be carr ied out in no more than 180 minutes. 

Many results were produced during the course of the project. This goal has been 
achieved. 

As to the Reduced Order Modeling benchmark specification, our commitments are: 

·  Frequency range 0-20 GHz 

·  Initial state space size (number of Degrees Of Freedom) > 100.000 

·  Expected final state space size < 30.000 

·  Expected accuracy over the frequency range 5 % 

·  Topological and geometric complexity: corresponding to 3D field solvers benchmarks 

·  Clock wall computing time on state-of-the-art SUN workstation: 10.000 seconds. 

The initial state space of most complex simulated devices has an initial state space size of 
more than 4 million. Using ROM techniques based on frequency fitting, the model has 
been drastically reduced, the final state space size being less than 10. From the accuracy 
point of view, all reduced models are less than 1 % with respect to the simulation results. 
The reduction was successfully carried out for any type of benchmark structures, in less 
than 1 second. To conclude, this goal has been very successfully achieved. 

 

 


