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I Introduction 
Electromagnetic (EM) modeling i s  a critical part of present and future analog and miaed- 
signal system-on-chip (SoC) simulation and design. This paper presents an overview of 
selected approaches for large-scale efficient simulation of EM-effects far such 
microelectronic systems. In panicular, coupled formulations, fast solvers, fast frequency 
sweeps, material models, and time domain approaches are discussed. Further examples 
and references will be provided at the special session an computational challenges for 
mixed-signal integrated circuits and radio-frequency packaging. 

2.1 Coupled Formulation in Time and Frequency Domains 
The mixed-signal simulation environment embodies a complex interaction of digital, 
analog, and geometry-dependent EM effects and related modeling. Traditionally, 
different modalities have been modeled separately in an ad hoc manner, necessitating 
heavy user intervention, estimation and even guesswork, and using a mycad different 
simulation programs and methods to connect between them. 
The first step is the development of a combined topology-geometry based description. 
The circuit description of the mixed-signal system i s  complemented by a layout- 
technology description. Selected sections are, either manually pr automatically an the 
basis of previous tcmplated results, chosen as EM-sensitive regions. These might involve 
interconnects, substrate coupling regions, or sensitive passive components, for example. 
The figure below shows an example of the layout and sensitive regions. This separation 
enables a coupled formulation to be set up; both circuit simulation throw& modified 
modal analysis (MNA), and EM simulation, in this case through the method of moments 
(MOM) integral equation techniques, can be formulated as a coupled system. Such a 
system can then be hierarchical or telescoped to the degree required, depending on the 
choice of using circuit (or transmission line models) or EM simulation for a specific 
section of the mixed-signal system. 
The coupled matrix represents the formal description of the overall solution; however in 
many cases, poR model representations of the EM muctwes sufice. In the coupled 
formulation, this is exactly equivalent to a Schur decomposition of the two-by-two block 
system, and automatically enables EMIIEMC excitations in addition to circuit sources. 
The coupled formulation proves to be usefd where the intemals of the EM simulation 
results, as dependent on circuit components and sources, is critical. This is particularly 
useful in applications such as pound bounce prediction, where the location of circuit 
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sources changes the potential distribution. In addition, in the time domain, a coupled 
SPICE-time domain integral equation formulation enables non-linear effects to be 
incorporated into EM models where the need arises, such as in large-signal models. 
Iteration-based design also benefits !?om the coupled formulation, where EM manices 
can be pre-computed and represented by models. Alternatively, EM-based design can be 
performed by pre-computing and invening circuit sub-mamces and using these as 
wcitstions into the EM sectionaf the coupled formulation. 

Figure I :  Left: Layout of a mixed-signal Circuit, Sensitive passives arc outlined in red. Right: 
Associated coupled EM-circuit system. The black diagonal blocks depict EM modeling where 
interaction between sections has been ignored in this particular simmlation instance. The lowe~t 
block in the "eh1 comer is the MNA: the two rectanmlar blocks &re the marse eauDline malrices. 

2.2 Fast Solvers 
A necessary requirement in order to be able to model large-scale circuits is a physics- 
based fast solver for rapid solution of the EM and coupled problems. In particular, 
established fast methods such as the fast multipole method, and FFT-based techniques, 
may be exploited. Owing to (i) the multilayered environment and (ii) the presence of 
electrically small ~tmcfures, our own solver is based an an alternative technology; the 
salver exploits a variant of the multilevel QR methodology developed at Lucent by Kapur 
and Long. An intriguing extension of the fast iterative solver based on this methodology 
is the promise it has shown as a direct salver, with the potential of solving poarly- 
conditioned systems and dramatically speeding up massive right hand side number 
problems. 

2.3 Broadband Simulation 
Broadband simulation is another key element of mixed-signal simulation. This problem is 
approached here through two distinct methods. The first is the use of time domain 
integral equation techniques, wherein broadband simulation is automatically ensured. 
The second is the use of fast frequency sweep methods or model order reduction in the 
frequency domain. In the context of coupled simulation, this permits frequency sweeps of 
impedance, qualily factor, and circuiUEM quantities of interest. The distinction between 
regular frequency sweep approaches and the ones used here is that P unified circuit-EM 
frequency sweep can be performed an the coupled system. 
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Complementaty to these broadband approaches are formulations and quadrature 
specializations that are required for broadband integralquation based simulation. In 
pmicular, loop-star and loop-tree methods, as well as new secand-kind formulations, 
have enabled well-conditioned formulations. In addition, the skin effect behavior needs to 
be captured over a range of frequencies, where surface impedance approximations could 
be invalid. This is accomplished by a two-region formulation employing an interior 
medium lossy-Green's function based on polar coordinate quadrature schemes. As shown 
in Fig. 2, such formulations permits the automatic prediction, with a surface formulation, 
of all skin effect-related phenomena such as the leveling off of inductance at law and 
high frequencies (before self-resonance effects become dominant). The low frequency 
and high frequency values arc within 1% of those computed with commercial finite 
element (for low frequency) and method of moments (for high frequency) solvers. 

lo6 Frequency (Hz) lo8 

Fig. 2 Broadband frequency drptndcnee of a single layer inductor with a 
two-region. low-frequency stabilized surface integral formulation 

2.6 

2.4 Hybrid Simulation 
The presence of finite non-planar discontinnities, such as passivation, acthive region 
modeling, and substrates in general necessitates both sdace  and volume methods. In 
addition to sutface integral equation methods, we also use a hybrid surface-volume 
integral equation method in the frequency domain. Also, time- and frequency- domain 
versions of the finite element method are coupled to integral equations for the hybrid 
problem, and act as exact bound- conditions for the panial differential equation 
representations of the inhomogeneous regions. 

2.5 Link to VHDL-AMS 
High-level behavioral modeling languages have became critical for not only digital 
modeling but also analog as well as multi-physics and multi-technology simulation. It is 
not surprising that there is  also a trend in directly integrating EM simulation results and 
methods into these Languages and formats. While VHDL-AMS is originally designed for 
time-domain simulation, there are emerging harmonic-balance based implementations far 
non-linear small-signal frequency domain modeling as well. In the presented approach, 
generation of time-domain macromodels is performed through state-space models 
generated directly from time domain EM simulation, as well as through reduced-order 
models in the frequency domain. Figure 3 depicts this simulation flow as used in 
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conjunction with a behavioral modeling language. Note that EM sub-systems that include 
lumped circuits (such as decoupling capaciton in plane sub-sections, or tuning elements 
far distributed inductors) are modeled as coupled systems which are then converted into 
behavioral macromodels. 

Fig. 3. Top left: Simulation flow into macromodelling language. Tap right: EM response, as 
computed with a TDlE and VHDL-AMS state-space model, for the MEMS S ~ U C N T C  (bottom). 

2.6 Sensitivity and Parametricr 
Geometrical sensitivity of EM performance, and design enabling through parameuics is 
critical in mixed-signal systems. This has been implemented through incorporation of 
gradient-based methods into coupled formulations. Specifically, this is achieved by 
analytically computing spatial gradients within the integral equation matrices. These can 
then be used in gradient-based optimization as well as to estimate sensitivity of 
components to praccss (material and geometry) variation. 

3 Conclusions 
An overview of simulation requiremenls and methods for addressing the mixed-signal 
simulation problem are given. At the special Session on Computational Electromagnetics 
Challenges for Mixed-Signal Circuits and RF Packaging, references, details, and further 
example will be provided that could not be incorporated here. This paper also aims to 
kickoff the special session where experts in the field will present camplemcntq and 
competing specific simulation advances. 

4 Acknowledgements 
The authors would like to thank Swagata Chakraborty, Dipanjan Gope, Gong Ouyang, 
Yone Wan& Todd West. and Chuanvi Yane. This work was SUDDOrted bv DARPA- .. 
M T ~ N c o C ~  grantN66001-01-1-8<20. - 

3284 

Authorized licensed use limited to: University of Washington Libraries. Downloaded on July 13, 2009 at 19:24 from IEEE Xplore.  Restrictions apply.


