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Multi Physics Multi Scale Modeling of Microwave Circuits and Systems
Hybridizing Circuit, Electromagnetic and Thermal Modeling

Michael B. Steer!

Abstract: Modeling of complex systems requires that a systematic approach be adopted for
multi scale and multi physics modeling. The current state of physical modeling tools in the
arena of microwave and electromagnetic model is considerably mature enabling discrete
prablems to be considered. The real need is for hybridization of discrete modeling systems to
obtain a seamless simulation environment from atoms to systems. The paper explores a
strategy for multi physics multi scale modeling of microwave circuits and systems. It presents
a framework guiding research in the development of electromagnetic and microwave modeling
tools

l. Introduction

We have reached the stage were we can entertain the design of very complex systems that involve the
interaction of a variety of physical effects and that can involve millions of elements. Examples include modeling
of the microprocessor chip and of spatial power combining systems. These are enormously complex systems yet
we are able to design fabricate and utilize these systems. Success has been achieved using abstract models and
operating a system at significant back-off from its potential. For example, a microprocessor could contain
transistor elements that have ultimate switching speeds (the transistors f;) of hundreds of gigahertz yet clock
them at just a couple of gigahertz. We compensate for the uncertainties by tremendous sacrifices in ultimate
achievable performance. The same back-off can be seen in nearly all other systems where it may be called a
safety margin, over-engineering, gain rnargin, phase margin or just engineering margin. No matter what the
term, the concept betrays our lack of precise understanding, fluctuations of characteristics, and design tolerances.
Much higher performance would be achieved if we had a precise understanding resulting in both reduced
engineering margin and engineering of systems hitherto not realized. Now we are at the point where we can
envision the capture of a range of physical effects in determining performance. We are at the point where we
must link the probabilistic world and deterministic worlds and must solve the problem of interfacing disparate
physics and widely divergent scales.

If we could achieve precise multi physics and multi scale modeling we could reliably design systems
without fabricating and characterizing individual components, and we could achieve optimization at a level of
sophistication that is beyond the wildest of imaginings with our current process of technology and system
development. It seems unreasonable to model every atom and electron yet the atomic level properties affect the
composite performance. A systematic procedure based on multiple models at different scales, with models at
adjacent scales linked to each other by defined parameterized interfaces that can be calibrated to measurement, is
one reasonable approach. Thus multi scale modeling will involve very many organizations and disciplines
leading to many seemingly incompatible approaches. It seems essential that an object-oriented approach be
followed meaning in this context that there are well defined interfaces to models capturing a particular scale, and
that the various scales are captured, most likely, by stand alone programs. Multiscale modeling is a grand
scientific and engineering challenge. This paper presents a review of what is involved in modeling components
of an electronic system; various strategies for modeling different types of electronic systems; and present
examples of efforts that implement limited multi scale modeling strategies.

In this paper we will first consider the electronic design process. Then we will consider the integration
of electronic circuits and the electromagnetic environment before considering a general long term strategy for
multi physics and multi scale modeling.

! M.B. Steer is with the Department of Electrical and Computer Engineering, North Carolina State University,
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ll. Realization of Electronic Systems

We need to stand back and consider
how we engineer systems. So that we are not
too far ranging, the discussion here will be
restricted to electronic systems but we will
consider all aspects that affect the
performance of such systems including the
materials, the thermal, chemical and © 0 0 ©
electromagnetic environments, mechanical o & ©
stresses, and levels of abstraction or O%’%8 8%% ©
architecture. Since the middle of the Q/ . 4;4
twentieth  century  the  essence  of oL %O 80 % © E
semiconductor-based microelectronic design °
has been the useful capability of predicting é'OO'o ’e 0 =>
tl?e (.:ircuit—level behavior. bs:fore .building (Probabilistic) (b) (Deterministic) Vns
circuits and systems. This is achieved by (c}
hiding physical details in a circuit simulator Figure 1 Multiple scales: (a) atomic level; (b) at the crystal level
and invoking ever-increasing levels of | illustrating scattering; (c)  phenomenological  terminal
abstraction see Figures 1 and 2. The | characteristics of a transistor; and (d) circuit-level.
fundamentally important abstractions are the
Spice (and derivative) circuit simulators with their underlying device models. These device models capture, in a
phenomenological sense, the underlying physics which are probabilistic being based on quantum mechanics.
Technology Computer Aided Design (TCAD) tools that model the underlying processes yield continuum
parameters such as mobility which is a key parameter in our most advanced device models, Large systems are
built using a hierarchical design methodology and our electronic system design process is based on behavioral
models of ever increasing abstraction at the transistor, gate, amplifier, register, transceiver, etc., levels. Currently
at each level much inherent performance information is lost but this is the trade-off we have been happy to live
with to entertain the realization of very complex systems. We could continue to develop with this hierarchical
design process but we have reached the point where we can integrate circuit and electromagnetic models for
example, and as we become better at this we will achieve dramatic increases in the performance of systems.

ELECTRIC FIELD
e r———

lll. Strategy for Integrating Electromagnetic and Circuit Models

The behavioral mode! of simple electromagnetic structures such as discrete capacitors and inductors
described by first order integro-differential equations. However we need to be able to incorporate in the circuit
abstraction the electrically significant spatial distributions of electromagnetic (EM) fields. That is, the accurate
simulation of these circuits requires an integration of EM and electrical circuit models. One approach is to
incorporate the lumped element devices of the
circuit into traditional EM simulations. The
device and circuit element equations are
inserted into a time stepping EM simulator
such as a Finite Difference Time Domain
(FDTD) or Transmission Line Matrix (TLM)
simulator [1]. Here the constitutive relations of
the conventional <circuit elements are
embedded in the analysis grid of the FDTD or
TLM method, and lumped elements are
incorporated as equivalent current or voltage
sources. Nonlinear effects are addressed by the
predictor algorithm inherent in the FDTD or
TLM methods. At this point we should
consider the numerical strategies used in
circuit simulators which must deal with large
numbers of nonlinear devices with generally
very strong nenlinear relations between
voltages and currents.  Circuit simulators,
including Spice-like and harmonic balance

Figure 2. Increasing scales: (a) circuit level; (b) architectural
level; {c) subsystem level; and (d) system level.
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tools, use Newton or quasi-Newton nonlinear solvers. These solvers are known as predictor-corrector strategies
and provided that the step from one iteration to the next is sufficiently small, these can be rendered as globally
convergent. It was found in the 1960°s that predictor strategies alone cannot be used to analyze general circuits.
In a predictor algorithm what has happened at past times or iterations is used to predict the state of the circuit at
the next step. This is unstable in most cases unless a corrective iteration takes place. In the correction phase, a
measure of error is utilized to improve the prediction, Thus unless the discrete time-domain field solvers evolve
to use predictor-corrector algorithms they cannot be used to model any but the simplest of circuits. Even then,
use of the discrete-time field solvers alone to solve device-field interactions has significant problems as in effect
the linear electromagnetic environment would be solved repeatedly using an iterative nonlinear solver.
Hybridization of the field solver is required in any case to handle general microwave structures, and it is this
author’s opinion that hybridization of the field solver with a circuit solver using the many advances in circuit
simulation technology developed over the last five decades is absohutely required. One of the centrai cases in the
development of a multi physics modeling environment is that we cannot afford to develop a single simulator to
model all-things. We must develop a strategy that utilizes established modeling tocls where possible and focus
development efforts on interface technologies and on the tools that are compatible with hybridization. What we
will describe in the following is alternative approach is to incorporate the EM environment as part of the circuit
and te use a conventional circuit solver to integrate the EM and electrical effects.

One fundamental issue that arises in modeling electrically large systems in a circuit representation is
that the topology of a circuit is based on nodes or terminals and these, as well as the circuits themselves have
zero dimension. By the very nature of the problem being solved EM simulators are three dimensional although
we can collapse the number of dimensions in some cases, e.g. with planar circuits. So an essential problem
interfacing circuit and EM modeling tools is resolving the discrepancy between terminals and spatially
distributed structures. This problem has been resolved by defining port connections whereby the interface a
single interface between the EM environment and a circuit is two terminals (being a port) which are sufficient
close together that the physical separation of the two terminals can be ignored. The next most significant
problem is the assignment of system ground. Currently circuit simulators use a nodal approach in which voltages
are assigned to nodes and each of these voltages is referred to a common reference point commonly called
ground. In a spatially distributed system, a common reference point cannot always be defined as the (electrically
significant) spatial separation of a node and its reference point cannot be tolerated. If the separation is an
appreciable fraction of a wavelength, it is not possible to uniquely define voltage. Introduction of the new
concept of Local Reference Terminal (LRT) and Local Reference Group (LRG) are essential extensions to
circuit theory required to enable the general merging of electromagnetic models with circuit models. The
concept can be illustrated with respect to Figure 3. Here a spatially distributed structure modeled using EM
techniques is connected to a circuit containing linear and nonlinear elements. In Figure 3(a) a single ground is
used so that at the interface between the spatially distributed structure and the conventional circuit, a cutest (A-
A} is performed. Conventional circuit analysis is such that the sum of the currents crossing the cutest must be
zero. However, since the reference terminal for each interface group is distinct the correct way of representing
this connection is using LRTs as shown in Figure 3(b), Note that all terminals that share an LRT form an LRG of
terminals. With the introduction of LRTs there are now a number of cutsets at the interface {A-A) (B-B) etc. and
for each of these the sum of the currents crossing each cutest is zero. These are quite different constraints, These
constraints relate directly to nodal admittance parameters which are also the basis of circuit simulation
techniques. Thus the convenient way of representing the distributed circuit is by way of port-based Y-
parameters. This is similar to the modeling of N-port networks where conventionally there are two terminals at
each port. Now we extend the concept to multiple terminals at each port sharing a common reference terminal.
Details on the impact on circuit theory
are documented in [2]. One of the
issues that this example illustrates is SPATIALLY DISTRIBUTED NETWORK
that hybridization generally requires
the development of new concepts that
enable supposedly disjoint techniques
to be interfaced.

LINEAR CIRCUIT

T T L J
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A spatial power combining DEVICE|| DEVICE DEVICE

system shown in Figure 4(a) illustrates (b

the neec‘i for 'the LRG concept. Here a | Figure 3. Cutsets showing the application of Kircho®'s current law to the
horn illuminates a planar amray | circuits with: (a) a global reference node; and (b) with local reference
containing amplifiers located at the | nodes. The cuts are indicated by the lines with corresponding letters at the
intersections of a grid. Horizontal | ends.
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elements of the grid are attached to the amplifier input while vertical components of the grid are attached to the
amplifier outputs. The amplified output signal is orthogonally polarized with respect to the input signal and
collected by the right hand homn. Shown in Figure 4(b) are the LRGs required to model this structure with the
active devices and associated linear circuitry, Detail of the Method of Moments formulation to capture the port-
based Y parameters of the grid amplifier structure is shown in Figure 5. If this circuit were to be modeled with a
common ground terminal located at each of the conventional circuits then this is the same as saying that there
was no spatial separation of the circuitry. The circuit-oriented analysis of distributed structures using the
concepts presented here can be found in a number of publications [2-7].

IV. Strategy for Multi Scale Modeling

The previous section presented one aspect of multi physics modeling, integrating circuit modeling with
electro-magnetic modeling. It illustrates many of the commonalities in multi physics modeling in general. It is
critically important to define the interfaces well. In this case the interface is defined by port-based admittance
parameters and appropriate circuit analysis algorithms [2]. Also inherent in the circuit modeling has been multi
scale modeling. Here the linkage between the phenomenoclogical (or terminal) characteristics of the transistors
are captured in device models incorporated in the circuit simulator. The link to the lower scale (at the material
and transistor geometry level) has been captured by the transistor model parameters. The transistor model itself
is derived through physical insight quite independently of circuit configurations. In many cases the transistor
model uses geometry and material parameters but in
all cases experimental verification is used to fine
tune the transistor parameters. It is simply not
possible to use physical modeling alone to develop
sufficiently accurate models at a higher scale. This

H B parameter calibration must also be a characteristic of
multi scale modeling.

Let’s step back a minute and consider the

a;’ origins of microwave network analysis. Microwave

computer aided engineering was born out of a
strategy for multi physics modeling with the use of
the circuit abstraction. Electrical engineers are so
comfortable with this abstraction that few pause to
realize its significance and the constraints that it
imposes on modeling the physical world. One
: viewpoint is that a circuit — of say resistors,
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four differential amplifier stages located at the intersections
ofa 2x2 grid. inductors and capacitors — is a graphical way of
specifying the coupling of first order algebraic, first

order differential, and first order integral equations:
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At each coupling point, that is a shared terminal in circuit terms, a mathematical coupling is established using
Kirchoff's current law (KCL), stating that the sum of the currents entering each node is equal to zero. There are
elaborations to this procedure to accommodate more complex constitutive relations but, if at all possible, these
are described by interconnections of primitives describing simpler, lower-order interactions. What we are talking
about here is a dramatic expansion of the type of abstraction undertaken. In the case of the element abstractions
described above characterizations of physical objects, e.g. a parallel plate capacitor is used. When it comes to
multi scale modeling we are referring to modeling the material properties and coupling this with geometry to
establish the model {e.g. capacitor) parameters. Microwave, and circuit engineering in general, has evolved so
that transistor and circuit elements are collected to form an amplifier and other subsystems. Subsystems then
become part of systems and as the scale (or abstraction level) goes higher fewer and fewer attributes are retained.
Just as it would be impossible to simulate the voltages and currents of a circuit if individual electrons were
considered, it is not possible to determine system parameters such as bit-error-rate by considering circuits at the
system level. In the end it is the system level parameters that really matter but it is the very basic material
parameters and nanometer scale structure that ultimately determine the overall performance. Some time in the
near future we will be able to examine the effect on system performance by changing material parameters, say
doping level, entirely using modeling. Multi scale modeling will make this possible.

The real solutions are system solutions and the maintenance of a vibrant engineering economy requires
that we maintain rapid development of capability. This has traditionally been achieved through technology
selection but in the foreseeable future this will be largely achieved through sensing, intelligence,
multifunctionality, and adaptivity. Thus an important part of maintaining the health of the engineering
profession will be supported by advances in multi scale modeling, A representation of a multi scale modeling
approach is illustrated in Figure 6. Here lower scale models are closer to the physics while higher numbered
scales are at increasing levels of abstraction. In going from one scale to a higher scale information must be
dropped and well defined interfaces are required. It seems clear that no one organization let alone an individual
will be able to cope with all of the scales. Thus an object-oriented approach must be strictly adhered to. In this
context this really means well-defined interfaces but also means that there must be a minimum amount of
knowledge required to traverse from one level in the hierarchy to the next. Adaptive modeling and multi scale
generic modeling techniques must be adopted. Adaptive modeling
must support [8-10]:

Mathematical statement of the problem

Formulation of model uncertainty estimators

Uncertainty/error management, and

Various model creation strategies.

Within each scale there can be considerable physical and
heuristic knowledge but this cannot traverse scales. As such there
must be compact support for a variety of multi scale modeling
representations at least for the parameterized interfaces. Not many
of the current modeling representations seem appropriate. Some
that do include:

DCSCI‘ibiI‘lg functions <l Parameterized Interface

Power series :

Volterra series

Multi Resolution functions (e.g. wavelets)

As an example, with respect to transistor modeling, describing functions are typicalty used although
table-based models are also important. The describing functions (e.g. describing a transistors current-voltage
relation) need only be loosely based on device physics. What is important is that the describing functions get the
trends right and the coefficients of the describing function can be traced to attributes at the lower scale (e.g.
geometry in the case of a transistor model). There is a major problem at lower scales as at some poeint
probabilistic behavior must be captured in a deterministic way. We have some examples of this being done such
as the representation of mobility based on Monte Carlo simulations but there is no general solution. Multi scale
model development seems to be a tractable problem except for the apparent need to capture different effects in
different model domain. As a result, multi resolution modeling approaches seem to be of critical importance
because of their inherent compact support in different domains (with frequency and time domains being the most
obvious). This is an important point; while multi resolution techniques have been important tn specific
application areas it has been possible to achieve solutions using alternative approaches. In EM analysis the
Fixed Multipole Method can be substituted for multi resolution analysis to achieve similar or even better results

{ WHOLE SYSTEM A
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Figure 6. Representation of the multi scale
modeling approach adopted here.
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as less a priori knowledge about a problem is required. However in joining models at different scales multi
resolution analysis seems to be unrivaled and deserves close examination.

V. Multiresolution Modeling

It is apropos to demonstrate the key concepts in the application of multi resolution representations. We
will do this for a circuit application. In a
circuit the circuit quantities at different Voliage, Current
terminals can be varying at vastly different
rates as illustrated in Figure 7. In
conventional transient analysis the basic
unit of analysis is defined by the time step
and the same time step is used at every
terminal in the circuit. In wavelet-based
transient analysis different time steps can be
used in different parts of the circuit and the
time step adjusted according to activity. A
generic waveform is shown in Figure 8 and
different parts of the waveform vary at
different rates. Instead of a waveform we

iy N
could considel_' any c!uantity_ that must b.e L%\ \\\\‘\\1\\
represented using basis functions. Ideally it Reglon under cansideration
would be possible to directly utilize the | Variable index
basis functions at various scales this Figure 7. Circuit guantities varying on different scales in time and

providing the parameterized interfaces | with respect to circuit index such as terminal index.

-

.

.

indicated in Figure 6. First we will consider
a number of basis function representations.

Figure 10 shows the representation of the waveform using sub domain basis functions. In a circuit
simulator these would be individual time steps where the inherent representation of the basis function from one
time step to the next is a trapezoid rather than a pulse. Similar sub domain representations are used in
electromagnetic analysis with discrete modeling methods such as finite element or finite difference methods.
This is also the representation used in the EM Method of Moments. Figure 9 presents the whole domain basis
function representation. This is the EM representation used in the spectral domain representation. It is a good
representation but does not capture transient (local) effects. Finally Figure 11 and Figure 12 present two views of
a multi resolution representation but at different order.
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Figure 8. A waveform in a circuit.




50 100 150 200 250 300 350 400
Time

(b)
Figure 10. Representation of the waveform
using Sub domain basis function s: @ (a)

=it
J il

_72 I 1 1 1 i I 1
0 50 100 150 200 250 300 350 40C
Time

(@)

S
]

(b)
Figure 11. Multresolution representation: (a)
superimposed on waveform; and (b) individual
basis functions.
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The multi resolution representation shown in Figure 11 has lower order functions than does the representation of
Figure 12 and is easier to see what is happening. In modeling a waveform a span of time is considered. Now we
are looking at just pulse functions and these do not have compact support (limited width in two or more
domains) however they do illustrate the principle of multi resolution modeling. Higher order multi resolution
basis functions (increasing as we move down in Figure 11 capture localized characteristics. At lower order a
broad approximation of the waveform is obtained. Figure 12 just adds another order of the multi reselution basis
functions. The critical aspect here is that very fine resolution can be achieved by using high order basis
functions, However in the interface to a higher level modeling scale, only a few of the low order multi
resolution bases need be retained. Fine resolution is required within a scale to capture fine features. As an
example consider an amplifier circuit. The individual transistors comprising the amplifier have strongly
nonlinear  characteristics |, .
and so it is important to WHOLE SYSTEM

represent many harmonics, r
perhaps twenty or thirty.
However at the external
terminals of the amplifier,
the response can be quite
linear and little harmonic
distortion may be evident.
Thus low order resolution
is needed to capture the
essential response of the
amplifier.
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Figure 13 Multi phsyics and multi scale modeling.

IV. Strategy for Multi Scale Multi Physics Modeling

A strategy for combining multi
physics and multi scale modeling is illustrated
in Figure 13. Two domains are illustrated.
These domains could be the electronic and
electromagnetic domains. At the circuit level

there are scales ranging from the atomic

. L x, =P(x _[) Xe
through transistor, circuit and subsystem level.
At the electromagnetic level there are such that

hybridized EM analyses. At some level in each R.(P(x f)) =R f(x f)
scale the domain are linked. Between each
scale in each domain are parameterized
interfaces. It is unlikely that modeling can
ever be undertaken in isolation and regular
calibration with the actual physical world is required.
Space Mapping, as illustrated in Figure 15 [11], is a Amplifiers

strategy for enabling this calibration. It is traditionally Input Putch Antenna Layer Oupa Pasch Antenoa Layer
been used for the calibration of fine and coarse models
and it in the multi physics multi scale context it can be
used to provide calibration of medels at different scales.

fine Ry (xf ) _,| coarse _{fc(xc)
Xz model 5 model

FIGURE 15. Illustration of fundamentals of space mapping.

An example of multi scale multi physics
modeling, albeit it in a primitive form, is modeling of the
spatial power combining system reported in [5] and
shown in Figure 14, In a spatial power combining system Transmit Born -
the output of multiple amplifiers are combined in an EM foyers | SktAperumes
mode to achieve large output powers. Only outline details | Figure 14 A spatial power combining system reported
can be provided here. Separate electromagnetic models | in [5]-
are used for the input and output horns, planar patch
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antenna array, and of the amplifier tiles. The electromagnetic Output volnge Warslom

models are combined using Generalized Scattering Matrices BT T T Bermend =
(GSM). The complete EM model is combined with a circuit level Ll e R R il
simulator using electro-thermal transistor models yielding the 08
modeled responses shown in Figure 16. The key issue here is that | = A 1
we are able to do limited multi scale and multi physics modeling. > Y X :
P B A
Wi N
A R
1 1 1
15 L L 4
o 2 & 180 200

Figure 16 output voltage waveforms.

Il. Conclusion

RF and microwave CAE will benefit from advances in computing power and memory, the migration to
new computer architectures such as highly parallel computers, and algorithmic advances. Current analysis
schemes are limited to portions of circuits and not able to handle real world excitations such as digitally
modulated signals without significant simplification. In the future we must be able to model accurately real
world signals and whole RF front ends with the full dynamic resolution significantly exceeding the performance
expected of the actual circuit. New approaches to CAE development and to the integration of dissimilar
simulation and computation techniques will be developed. We have progressed from spaghetti programming to
structured programming to object-oriented programming. At the same time non-CAE specific numerical
algorithms have been developed and are being incorporated in evelving CAE environments. Our views of what
a circuit is (and so how it is to be modeled) have changed so we can utilize of the shelf numerics without
custemizing numerical algorithms to our specific requirements.  Object-oriented programming is a significant
paradigm shift enabling new CAE concepts to be implemented with much less effort than in the past.
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