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Abstract

Ccmputer techniques for the inodelling of complex electromagnetic interactions are
explored. The main thesis is that these techniques, or methods, can be divided into two
types: non-algorithmic and algorithmic techniques. Approximate algorithmic methods for
the modelling of electromagnetic interactions have undergone great advances in the past
twenty years but they are still only feasible for relatively small problems (i.e. where the
space-time discretization produces and requires only a relatively small number of
unknowns). The computer implementation of non-algorithmic methods have recently
become a reality with the maturing of experr system technology and knowledge based

engineering.

In Part I of this thesis, a knowledge-based approach for the modelling of
elecromagnetic (EM) interactions in a system is described. The purpose is to determinc any
unwanted EM effects which could jeopardize the safety and operation of the system.
Modelling the interactions in a system requires the examination of the compounded and
propagated effects of the electromagpetic fields. A useful EM modielling approach is one
which is incremental and constraint-based. The approach taken here subdivides the

modelling task into two parts:
a) the definition of the related physical topology, and

b) the propagation of the elzctromagnetic constraints.
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Abstract

A prototype of some of the EM constraints has been implemented in Quintus Prolog
under NeWS on a Sun workstation. User interaction is through a topology drawing tool and
a stack-oased atribute interface similar to the HyvnerCard™ interface of the Apple
Macintosh compuier.

In Part II, numerical methods which discretize the space-time region of interest and
provide a solution to the electromagnetics problem, given appropriate initial and boundary
conditions, are investigated. Specifically, time-domain finite difference methods as applied
to Maxwell’s equations are analyzed, compared and implemented. As the basis of this
analysis, Maxwell’s equations are expressed as a system of hyperbolic conservation laws.
Analytical properties of these systems, based on the method of characteristics, are used to
study the numerical solution of Maxwell’s equations.

Practical issues, such as computational efficiency and memory requirements, are
discussed for the implementation of the finite difference schemes. Advanced programming
techniques are used to implement all the finite difference schemes discussed. The schemes
are used to solve the problem of the penetration of electromagnetic energy through a shield
with a thick gap.

A two-dimensional time-domain finite element method, implemented as the
software package PDE/PROTRAN, is also applied to shielding problems. The software
package is first validated for simple hyperbolic problems and is then applied to perfectly
conducting shields with apertures.

Computer Techniques in EMI




Contributions

The specific contributions made in this thesis are in the general area of
electromagnetic interaction modelling. It is shown how the methods used by engineers to
investigate electromagnetic interaction problems can be divided into algorithmic and non-
algorithmic techniques. Specifically, for the non-algorithmic techniques, the first expert
system for the analysis of electromagnetic interaction phenomena is formulated and
implemented on a computer. This consists of structuring the domain knowledge in an
amenable form for computer implementation. For the algorithmic techniques, an analysis
is made of finite difference tirie domain methods for the solution of Maxwell's equations.
New methods based on comrputational fluid dynamics are analyzed and implemented.

Advanced programming techniques are used to implement the difference schemes.
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Non-Algorithmic
Techniques

The use of non-algorithmic techniques to solve electromagnetic
interaction problems is investigated in Part 1. These techniques and
procedures are used daily by engineers to solve electromagnetic
interference problems in electrical systems. The purpose here is to establish
an appropriate symbulic description or knowledge representation of the
Jundamental components in an electromagnetic interaction problem as well
as the strategies or heuristics used to reason about these components.These
strategies are derived from well known engineering principles and can be

viewed as constraints on the electromagnetic interaction problem.
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Chapter 1

Introduction to Electromagnetic

Interactions

The effects of electromagnetic interactions in electrical systems are of concern
because of the increased pollution of the environment with electromagnetic emissions and
because of the increasing susceptibility of system components. The term electrical system
is used herein in the general sense to include more than just networks consisting of
electronic components. Systems containing biological and/or mechanical components of
varying complexity are also included when reference to the term electrical systems is made.
Electromagnetic emissions from components within the electrical system, and also
disturbances originating external to it, can be classified as deriving from intentional as well
as non-intentional sources. The interaction effects on the susceptible components within
these systems range from minor to catastrophic; they cannot always be predicted nor are
they always understood. Study and control of this problem is very desirable and has
involved the efforts of many persons from varying fields. Thus many viewpoints can be

(and have been) adopted when confronting this problem.

From a theoretical standpoint, understanding the phenomena of electromagnetic
interactions between electrical systems requires no more complicated theory than that
explicatea by Maxwell in his Treatise on Electricity and Magnetism. Of course, the

elaboration of this theory over the years has given insight into mechanisms of
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electromagnetic interaction. Mechanisms of interaciion, associated with an electrical

system, manifest a complex called the electromagnetic system.

From a practical point of view, it is not at all obvious how the electromagnetic
integrity of systems can be assured even for relatively small interaction problems (or what
at first may seem to be a small problem). Identification of the group or set of
electromagnetic interaction mechanisms in an electromagnetic system does not define the
problem uniquely. What is also required is the topology of the set which gives the
relationship between components in an electromagnetic system. Thus, understanding
electromagnetic interaction problems consists of understanding the basic mechanisms

involved as well as the higher level topology describing the electromagnetic system.

An example of a common electromagnetic interaction problem may help to clasify
the above discussion. Consider the electrical system depicted below in Figure 1. This

system is typical of an office automation scenario of today.

Figure 1 Office automation scenario as an EM interaction problem.

Each of the components depicted in Figure 1 are both emitters and susceptors of
electromagnetic energy. Electromagnetic interactions between the components can be
characterized via well understood mechanisms. For example, the electromagnetic fields
emitted by the printer can couple tc the telephone lines, VDT emissions may cause harm to
the human operator, and external fields (e.g. lightning emissions) can couple to the power

and telephone lines. All of these interactions may cause malfunction or harm to the system.

Computer Techniques in EMI Introduction: Electromagnetic Interactions
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Chapter 2

Electromagnetic Interaction Modelling

2.1 Problem Definition

Electromagnetic interaction modelling is one of those all-encompassing terms
which subsumes the areas of electromagnetic interference and compatibility,
electromagnetic pulse (EMP) interactions, and biological effects of electromagnetics. This
subsumption is high level and does not concern itself with domain specific details. As is
described later, domain-specific details can manifest themselves as user-specific
constraints. A summary of the terminology used herein is given in Figure 2. Note tat only
the terms EMI, for electromagnetic interaction, and electrromagnetic hardening (defined
below) are used. Other terms which have often been used to describe electromagnetic
effects on systems, for example RF/ (radio frequency interference), EM! (electromagnetic
interference), EMP interactions, and EMC (electromagnetic compatibility), are superfluous

ir the present context.

The problem is to model the electromagnetic interactions which take place between
electrical components in a complex system. External disturbances are considered as
deriving from an external component in the system. The process of rendering these systems
acceptably immune to the interactions is called electromagnetic hardening and, once

achieved, the system is said to be electromagnetically hardened.

Page 17



Page 18

—Part 1

2.2 Traditional Approach

Traditionally, the formal approach to the control of electromagnetic effects has
been through the use of official standards (see [Keiser 87],[White 73]) such as FCC Rules
and Regulations, Parts 15 and 18 and Mil-Std-461C, Electromagnetic Emissions and
Susceptibility Requirements for the Control of Electromagnetic Interference. These
standards are written by government and industry officials with the purpose of rendering
susceptible systems electromagnetically safe and compatible in their environments. Thus,
a typical standard will impose: a) limits on the electromagnetic emissions from electronic
equipment; and b) maximum acceptable susceptibility levels for manufactured systems.
Producers of equipment must then ensure the compliance of their product to the applicable
standards.

. Radio Frequency Interference (RF1).
. Electromagnetic Interference (EMI).

. Electromagnetic Pulse (EMP).

. Electromagnetic Compatibility (EMC).

. Electromagnetic Interaction (EMI).

. Electromagnetic Hardening.

Figure 2 Summary of terminology

Computer Techniques in EMI Electromagnetic Interaction Modelling
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Inherent in this approach is the politics of meeting standards. That is, when the
producer’s effort goes into meeting the standard only after the equipment has been
designed, the real purpose of the standard, that of producing safe and compatible systems,
may be lost. Often, little forethought to possible EM problems is put into the design of the
equipment. When EM problems are found, it is not uncommon for an equipment

manufacturer to spend more time writing waivers than trying to solve the problems.

The question arises as to whether or not this is the best approach. Certainly, from
an enforcement point of view, standards are necessary; whether these standards are the
only criteria a producer should use to verify a system is questionable. Of course this is up

to the scrutiny of the producer and is dependent on prudent discrimination.

2.3 Computer Aided Electromagnetic Modelling

The purpose here is not to derive a foolproof method of enforcing certain standards
but to give equipment producers (and other interested parties) a useful tool in the form of a
constraint-based advisor, in order to make systems:

1) electromagnetically safe and compatible while at the same time:;
2) compliant with appropriate standards.

Most importantly, the advisor could eventually be used at the planning stages in the design

of a system in order to make the system electromagnetically reliable.

Modelling of electromagnetic interactions between physical systems requires the
examination of the compounded and propagated effects of the associated electromagnetics.
This is why a useful approach is one which is incremental and constraint based. To model
it as such, it is essential to subdivide the modelling task into several processes which
operate in a distributed manner. The knowledge required in modelling the electromagnetic

interactions of systems includes the electromagnetic topology of the system and the

Computer Techniques in EMI Electromagnetic Interaction Modelling
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electromagnetic atributes of each node in the topology. The representation of this

knowledge in a form amenable to computer implementation is discussed in Chapters 3 to 5.

A prototype of some of the constraints used to model electromagnetic interactions
has been implemented in Quintus Prolog™ on a Sun™ workstation [LoVetri 89, 90b, 90c].
The advisor, HardSys, determines the emitter, susceptor, shielding effectiveness and the
likelihood of failure of an electromagnetically affected system. HardSys, is interfaced to a
unique topology input drawing tool, HardDraw, which runs under an NRC interface
implemented in the NeWS™ windowing environment. The implementation of HardSys and
HardDraw is described in Chapter 6.

The application of these tools to the NEMP hardening (Nuclear Electromagnetic
Pulse) of a typical helicopter is described in Chapter 7. Part 1 is concluded in Chapter 8
with some of the planned future work for the advisor and drawing tool.

Computer Techniques in EMI Electromagnetic Interaction Modelling
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Chapter 3

Electromagnetic Topology of Systems

In order to mode! the EM interaction of a system, it is first necessary to understand
and represent the relevant physical attributes of the system. An example of a procedure for
accomplishing this has been described by Baum [Baum 80, 85], Messier [ Messier 85, 86]
and Tesche [Tesche 78]. In this procedure, an electromagnetic system is decomposed into

an electromagnetic shielding topology and its dual graph or interaction sequence diagram.

The electromagnetic topology consists of a description of the electromagneticaiiy
distinct volumes and their associated surfaces. The distinct volumes are used to define the
electromagnetic components involved in the interaction. The interaction sequence diagram
keeps track of the interaction paths throughout the system. The two procedures are not
independent of each other since the interaction sequence diagram can usually be derived
from a given electromagnetic shielding topology and the associated electromagnetic
attributes of each item in the topology. Variations on the labelling of these graphs and
topology have been investigated by Noss [Noss 86]. Many labelling schemes are possible,
each having its own advantages and disadvantages. Labelling will turn out to be
unimportant as considered herein since each volume and surface node will be labelled with
a physically meaningful name in the software implementation. In the following sections the

terminology and labelling scheme used by Baurm [Baum 85] is followed.
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3.1 Topological Decompositions

The topological description of a system divides its Euclidean space :i1? into a set of
volumes denoted { V,}. The superscript * will be used for the closure of a set and the

superscript ~ for the removal of closure from a set. Thus the complete it* space can be

represented as a union over the set of volumes {Va} of a specific volume decomposition of
R?3 as
R = v V3 (3.1)
where the volumes are defined such that
VsAVy = { Y8 (8=8) 3.2)
D; (8%

and LSJV8 denotes union over all subscripts, (™ denotes intersection, and @ is the empty

set. Each element of the volume decomposition set {V§s) has an associated set of boundary

surfaces denoted {S 8;8'}‘ The closure of S 55 is given by

St =V5 N Vg =S5.5for 83", (3.3)

Boundary and contour operators can now be defined as
and
C(Ss:5) = S5.5 — Ss.5 = C(V5.5) (3.5)

1ospectively. An example is given in Figure 3.

Computer Techniques in EMI Electromagnetic Topology of Systems
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Figure 3 Example of a specific volume/surface topology

As can be seen in Figure 3, the surfaces can be disjoint. For example, surface S13

is made up of two disjoint pieces. The outer voluue, V, has a boundary surface given by

SV, = S(V)) = SUIS{;S (3.6)

which, in this specific case, can be written out as S(V|) = ;.5 + S1.3+ Sy.4 + Sy.5. In fact

the total surface surrounding any volume can be writter as the union over the individual

surfaces between the volume and all other volumes as
S(Vs) = S(V3) = S,USS;;S , (3.7)
2

where this total surface contains no boundary curve (i.e. C(S(Vg))=0). Also, curves
themselves have no end points since the boundary of a surface Sg,g is in general a closed

curve with no beginning or end.

Computer Techniques in EMI Electromagnetic Topology of Systems
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3.2 Some Graph Theory Definitions and Techniques

In this section some terminology taken from graph theory (see Bondy [Bondy 76])
will be defined. This terminology will be used throughout the subsequent discussions.
Some techniques developed for weighted graphs will also be explored.

A graph G can be described in an ordered triple (V(G), E(G), yg); where V(G) is a
nonempty set of vertices, E(G) is a set of edges disjoint or independent of V, and y is an

incidence function which associates a (not necessarily distinct) unordered pair of vertices
of G to each edge of G. Thus, a graph defined by (V(G), E(G),yg) where

V(G) = {vy, v2, v3, V4 },
B(G) = {elv €2, e3’ €4, 359 e6}9
and the incidence function is given as

yg(er) = viva, Wglen) = vavs, Wg(es) = vavs, Yg(ey) = v3va, Yi(es) = V4V, and

yg(eg) =viva,

is depicted below in Figure 4.

Figure 4 Example of a general graph

If a graph contains no loops (edge e3 in the above figure is a loop) and no two edges

join the same pair of vertices (as do e; and eg above) then it is called a simple graph.

Computer Techniques in EMI Electromagnetic Topology of Systems
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A bipartite graph is a graph in which the vertex set, say V(G), can be partitioned
into two subsets, say X and Y, such that each edge of the graph has one end in X and the
other end in Y. The partition (X, Y) is called the bipartition of the graph. The graph shown
below in Figure 5 is obviously bipartite where the vertices corresponding tc the two sets of
the bipartition are depicted differently (i.e. solid and hollow).

v3
v €2
20

€1 ’ es
Vi €4 V4

Figure 5 Example of a bipartite graph

Given two graphs G and H, H is said to be a subgraph of G, denoted H < G, if
V(H) € V(G), E(H) ¢ E(G), and yy is the restriction or imposition of ygto E(H). IfH¢
G but H#G then H is said to be a proper subgraph of G, denoted H < G. Also, G is said to
be a supergraph of H. A spanning subgraph of G is a subgraph H with V(H) = V(G). If H1
and H2 are subgraphs of G then H1 and H2 are said to be disjoint if they have no vertex in
common and edge-disjoint if they have no edge in common.

The union of two graphs H1 and H2, denoted H1 U H2, is a subgraph with vertex
set V(H1) U V(H2) and edge set E(H1) U E(H2). If H1 and H2 are disjoint then their union
is denoted H1 + H2. The intersection of H1 and H2, denoted H1 N H2, is a subgraph with
vertex set V(H1) N V(H2) # @ and edge set E(H1) N E(H2).

The vertex degree dg(v) of a vertex v in G is the number of edges of G incident with
vertex v, where a loop (i.e. an edge with incidence function being an ordered pair of the
same vertex) counts as two edges. The minimum degree of vertices of G is denoted 6(G)

while the maximum degree is denoted A(G). Thus the vertex degree of the surface vertices
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(i.e. the Y partition vertices) in a topological decomposition is exactly two. Therefore the
minimum degree is less than or equal to two. It can be shown (see Bondy [Bondy 76]) that
in any graph the number of vertices of odd degree is even. Therefore, since the surface

vertices have even degree, the number of volume vertices with odd degree must be even.

A walk in a graph G is a finite non-null sequence W = vgeivieavs ... egvi whose
terms are alternately vertices and edges such that for 1 <i <k the ends of ¢; are the vertices
v;.1 and v;. The walk W may be denoted as W = (vg, vi) and W is said to be a walk from
vertex v to vertex vi. Also, v is said to be the origin of the walk and vy the terminus. The
vertices v, to vy_; are called internal vertices while k is the length ((W)) of the walk. A
section of walk from v; to v; is a subsequence of W denoted as a (v;, v;) section of W. Walks
can be concatenated if the terminus of one walk, say W, is the origin of another, say W',
and the resulting walk is denoted by WW’, Walks can also be inverted, denoted W1, where

the sequence is taken backwards from terminus to origin. If the edges of a walk W are

distinct then W is called a trail; if the vertices are also distinct then W is called a path.

Two vertices of a graph G, u and v say, are said to be connected if there is a (u, v)
path in G. A graph G can be partitioned into components G[V1], G[V3], ... , G[V] of G,
generated by partitioning V into nonempty subsets V, Vs, ..., V, such that two vertices
of V are connected if and only if they belong to the same subset V;. The graph G is said to

be connected if all its vertices are connected, otherwise it is called a disconnected graph.

A closed walk is one in which the origin and terminus are the same. A cycle is a
closed trail wherein the origin and the internal vertices are distinct. A k-cycle is a cycle of
length k while a 3-cycle is also called a triangle. Thus it can be shown that a graph is
bipartite if and only if it contains no odd cycles. An acyclic graph is one which contains no
cycles. An acyclic graph which is also connected is called a zree. In a tree, any two vertices

are connected by a unique path.
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A graph G is called a weighted graph if for every edge ¢ € E(G) there exists a
weight w(e) € R (real number). IfHis a subgraph of G then the weight of H is given as the
sum of the individual edge weights in H

w(H) = Z w(e) (3.8)

ee E(H)
and the weight of a path in G is called the length of the path. The minimum weight of a (u,v)
path is called the distance d( u, v). If two vertices, u and v, are not connected by an edge,

thatisifuv ¢ E, then the weight of uv is assumed infinite (i.e. w(uv) = o).

A graph algorithm for finding the shortest path from a root vertex ug to all other
vertices in the graph is Dijkstra’s algorithm named after its founder (see [Dijkstra 59], and
[Bondy 76] pp 19 - 20). This algorithm will be of use later when the worst case
electromagnetic shielding paths will need to be found. Actually, in Dijkstra’s 1959 article
he gives two algorithms. The first finds the tree of minimum weight which spans a
connected graph G, called the minimum spanning tree of the graph. The second finds the
path of minimum distance between a root vertex ug and the rest of the vertices of G, called
the minimal spanning tree single source problem. It is this second algorithm which is
required for later discussions of electromagnetic modelling.

The algorithm uses the fact that if S is a proper subset of V, where the root vertex
is chosen so that it is an element of S, then

d (u,, S) = min {d(ug, u) +w(uv) }| (3.9)

ue S.ve§

where S is V - S. An increasing sequence of subsets Sg» Sy, ... » Sy of Vis constructed (with

So = {ug)) so that once the i'™ subset is constructed the shortest paths from the root vertex
up to all the vertices in S; will be known. These shortest paths will be denoted P( ugv) where

v € §;. The algorithm is shown in Figure 6.
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Dijkstra’s Algorithm

S = {ug}; S= V-8, L(ug)=0;
Loopl: VveS;
L(v) =e0; P(upv) = {ug};
end Loop 1;
i=0;
Loop 2: while S +Q;
min_label = oo;
Loop3: VveS;
ifL( u;) + w( u;v) < L(v) then
L(v)=L(u)+ w( u;v);
P(ugv)=P(ugu) v,
endif
if L( v) < min_label then
min_v = v; min_label = L( v);
endif
end Loop 3;
Uippg=min_v; S=SUU;; S=8 -upppsi=i+ 1;

end Loop 2;

Figure 6 Dijkstra’s algorithm with shortest path determination
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When the algorithm terminates, the labels at each vertex L( v), v € V, will contain

the distance from the root vertex ug and the path variable P( uy v) will contain the minimum

path specification as a list of vertices from the root vertex to v. Note that a list of vertices
is sufficient to represent a path in a simple graph. An example of the use of this algorithm
is given below in Figure 5 where the labels and paths after each step are shown next to the
graph. The edge weights and the root vertex are identified in the first drawing.

L(a) =0; P(aa)=(a};
L(b) = o; P(ab) = {a};
L(c) = o; P(ac) = {a};
L(d) = e; P(ad) = {a};
L(e) = o; P(ae) = {a};

L(a) =0; P(aa)=(a];
L(b) = |; P(ab)=(ab};
L(c) = oo; P(ac) = {a};
L(d)=S5; P(ad) = {ad},
L(e) = oo; P(ae) = {a};

L(a) = 0; P(aa)=(aj;
L(b)=1; P(ab) = (ab];
L(c) =3; P(ac)= {abc};
L(d)=5; P(ad) = {ad};
L(e) =2; P(ae)= (abe};

L(a) =0; P(aa)={a};

L(b) = 1; P(ab) = (ab};
L(c) =3; P(ac) = (abc);
L(d) =5, P(ad) = {ad};
L(e) =2; P(ae) = (abej;

L(a) = 0; P(aa)= (aj;
L(b) = 1; P(ab) = (ab);
L(c) =3; P(ac) = (abc);
L(d) =4; P(ad)= {abcd};
L(e) =2; P(ae) = {abe};

Figure 7 Example application of shortest path algorithm
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In Figure 5 the bold vertices represent the elements of each subset S after each step
in the algorithm. The final paths are shown in the bottom diagram of the figure with the
distances given by the labels. Of course. if the distance to only one vertex from the root

vertex is required, the algorithm is ter .nated when that vertex is reached. This algorithm,

albeit a good algorithm (i.e. it is of order v where v is the number of vertices), will still
end up taking an enormous amount of computer time for some practical situations where v

= 100 is reasonable (as will be discussed later).

In order to reduce the computer time required to determine minimum paths through
a graph the concepts of a cut vertex, a cut edge, and grouping will be introduced here for

later use.

Given a graph G = {V, E, yg), if E can be partitioned into two nonempty subsets,
say Ey, and E,, such that the subgraphs generated from these subsets, that is G[E] and
GI[E;], have just a vertex v in common, then v is called a cut vertex. If G is a tree then v is
a cut vertex if and only if d( v) > 1. If G is nontrivial (i.e. it has more than one vertex) and
contains no loops, then a vertex v is a cut vertex of G if and only if ®(G-v) > &(G) where
the number w(G) denotes the number of components of G. Thus, if removing a vertex v
increases the number of components of G, then v is a cut vertex. A cut edge is an edge e of
G such that if the edge is removed from G, the number of components will increase, that is
(G - e) > &(G). An edge e is a cut edge if and only if it is not contained in any cycles of
G. Examples of a cut edge (in bold) and a cut vertex (in bold) are given below in Figure 8.

Figure 8 Cut vertex and cut edge examples
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Thus, in Figure 8, vertices v;, v3, and vs are cut vertices while edge e is the only
cut edge. A set of vertices forms a valid grouping if it is equal to a vertex set of one of the
subgraph partitions generated by a cut vertex. The valid grouping includes the cut vertex
and the group can be represented in the graph by a grouped vertex in place of the cut vertex.
For example, in Figure 9 below, vertices vs, v, vg, and cut vertex v; of Figure 8 form a

valid grouping and are represented by grouped vertex v3.

v3 (grouped)

Figure 9 Grouped vertex example

Similarly vertices v;, v, and vy, could also have been grouped into vertex v3. Thus,
there are usually many options for grouping in a graph. The process of grouping will be
required to reduce the search space when minimum path algorithms are used. For example,
if in Figure 8 the minimum paths from root vertex v, to all other vertices in the graph have
been found and there is a change in the graph which affects the minimum path to v3, then

this change will also affect the minimum paths from the root vertex to the grouped vertices.

The subgraph containing vertices which are not expected to change may be grouped
as a valid grouping. This results in the removal of the grouped vertices from the search
space of the minimum path algorithm. That is, once the minimal path tree from the grouped
vertex to the rest of the vertices in the group has been determined, changes in other parts of

the graph will not affect rhis minimal path tree.
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3.3 Equivalent Graph of Volume/Surface Topology

The interaction sequence diagram can be obtained as a graph with nodes or vertices
representing volumes, and edges representing surfaces. For example, the equivalent graph

G of Figure 3 can be described by the set of vertices and edges
V(G) = {V,, V,, V3, V,, Vi, (3.10)
E(G) = (e}, €3, e3, €4, €5, €6, €7, €3}, (3.11)
with incidence function defined as
V6 = ¥g(ei =S5;5) = VsV | (3.12)

graph is shown below in Figure 10.

Figure 10 Equivalent graph (interaction sequence
diagram) of volume/surface topology

The representation of the surfaces can be made more explicit by using the bipartite
graph (see Baum, p.9 [Baum 85]). The bipartite graph corresponding to the topology of
Figure 3 is shown in Figure 11.
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Figure 11 Bipartite Graph of Example Topology

For the above example the bipartition is given as

(x’ Y) = ([Vl. v2, V3, V47 VS}, [Sl;z, 81;4, 82;3, 53;4, S‘S, 83;5, 84;5, Sl;sl) (3.13)

where now the surfaces themselves are represented as the set Y of surface nodes. It should
be noticed that although the bipartite graph definition does not require it, all bipartite graph
representations of volume/surface topologies will be such that the surface nodes connect to
exactly two edges. Thus, the way in which it is used herein, the surface nodes are really
edge labels. It is useful to maintain the notation of separate surface nodes since specific
attributes will be stored in each of the surface nodes and it is reasonable to have them
explicitly depicted in the graph diagrams.

As will become apparent later in the use of this representation, the attributes
associated with surface nodes may be directed artributes. This can easily be handled by the
use of a directed graph or digraph. A digraph D can be described the same way as a normal

graph except that the edges are now called arcs and the incidence function yp, associates

with each arc of D an ordered pair of (not necessarily distinct) vertices or nodes of D.
Usually, the arcs are depicted with arrows as shown in Figure 12. In this figure the arc labels
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are given explicitly on the graph so that the incidence function yp is equivalent to yg of

equation (3.12).

Figure 12 Digraph representation

The digraph of Figure 12 can be directly transformr.ed to the more explicit bipartite
type representation by labelling each arc with a directed .urface node as in Figure 13. The
directed attributes will be stored in the appropriate surface nodes of the bipartite digraph
and each topological surface may be represented by up to two directed surface nodes.

It will be apparent from the context of the discussion when the directional aspects
of the path through a surface is being referred to. Thus, in order to simplify the diagrams of
the following discussions, both directed surface nodes will not be drawn in the graph
representations. Also, the arrows will be omitted since the direction of the arc will be
implied by the name of the directed surface node. Hence, the bipartite digraph of Figure 13
may be drawn simply as that of Figure 11 (which does not depict the specific directed

nodes) when it is unambiguous to do so.
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Figzre 13 Bipartite digraph representation

3.4 Summary of Topological Decomposition

A physical system can be mapped into an electromagnetic topology, or equivalently
into a bipartite digruph which characterizes the irteraction paths between electromagnetic
components. This mapping of the physical system into an electromagnetic topology is not
unique; many different mappings can be found to partially describe the interactions which
will take place in the system. The specific topology used will depend on the type of
interactions of interest, as well as the level of detail required in the model. Examples of this
will be given in the next chapter where typical electromagnetic components are
topologically decomposed.

A summary of the equivalent terms used in the different representations, including

implementation terminology to be described later, is summarized in Table 3.1.
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Table 3.1
Summary of Terminology
Physical System Electromagnetic Component| Interaction Path or Mechanism
Electromagnetic Topology| Volume Surface
Bipartite Digraph Vertex or Node Directed Vertex or Node
Prolog Implementation | Object Object

The characterization of a real system using this method requires a detailed
understanding of electromagnetic interactions through shielding nodes. Each volume
contains its own emitters of electromagnetic energy and susceptors to electromagnetic
energy. The emissions propagate throughout the graph to reach other susceptors located at
other nodes. Evaluating the exact electromagnetic interaction for even the simple graph

shown in Figure 11 is numerically difficult, if not impossible.
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Chapter 4

Electromagnetic Component and
Interaction Path Attributes

The first step in modelling a complex system is to approximate the propagation of
electromagnetic energy from one volume node to another. This is accomplished by defining
the electromagnetic attributes of each electromagnetic component in the topology as well
as attributes for the interaction paths between the components. These attributes constrain
the propagation of the electromagnetic disturbances throughout the topology. The
implementation of these attributes as a constraint network representing the complete

electromagnetic topology will be described in the next chapter.

Presently, the definition of t1e relevant electromagnetic attributes of the individual
nodes of the bipartite graph representation of a topology will be discussed. It is sufficient

to consider just one electromagnetic interaction path as shown in Figure 14.

v O—=—@—— v

Sl;2

Figure 14 Single electromagnetic interaction path
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The attributes are used to represent the electromagnetic knowledge which is known
about a system. It must be realized that many representations of this knowledge are possible
but that the acceptable scheme is the one which achieves an accepiable trade off between
approximation and usefulness. The characteristics given in Table 4.1 below are desirable

in an electromagnetic representation.

Table 4.1 1
Desirable Qualities of an Electromagnetic Approximation Scheme

1. Must be easily derivable from available experimental/numerical data.
2. Must be an amenable qualitative form (symbolic manipulation).

3. Useful quantitative results and recommendations can be derived.

4. Has the capability to handle exceptions.

5. Has variable levels of approximation (coarse to fine).

These desirable qualities of an electromagnetic approximation scheme are used as
a guide in defining an appropriate heuristic approach to the understanding of electromag-

netic interactions.

4.1 Frequency Domain Representation

Most electromagnetic interaction phenomena are calculated, measured, and
reported as quantified data in the frequency domain. The reason for this is that most useful
engineering information about fields, susceptibilities, and paths of interaction can be

characterized only in the frequency domain.

For example, the concept of frequency domain filtering can be used to characterize
almost all linear paths of interaction. It is well known that an aperture in a shield acts 25 a
high-pass filter in the path of the electromagnetic fields (see [Schulz 88]). Emissions from

equipm:z:.t are often measured using receivers with specific bandwidths of reception over
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large ranges of frequency (see [Mil-Std-462] and [Mil-Sid-461C]). Furthermore,
susceptibilities of electronic components such as microelectronic circuitry are also
calculated in the frequency domain.

The advantages of frequency domain representations are obvious for linear
systems; almost any waveform can be transformed into the frequency domain via the
Fourier coefficients or transform. The following definition of the Fourier coefficients and
transform (from [K6rner 88]) may help in the understanding of representing time domain
data in the frequency domain.

If the function f: T—3 (where T = R/2nX is the unit circle, and R, X and S are the
set of real, integers and complex numbers respectively) and the function g: R —3. Then the
Fourier coefficients of f are defined overre Ras:

fir) = Tliff(t)e'i"dt; [re R]: (4.1
T

and the Fourier transform of g is defined over { € R as:

80 = lg(t)e““dt . [Le ). (42)

The Fourier coefficients and transform are in general complex numbers (i.e. may be
represented with an amplitude and a phase). This should be considered when the above are
used in approximations. Notice that if instead of being defined on the unit circle a function

of time f{ ¢) is periodic with period a then equation (4.1) is transformed to:

I 4
-12nr-

Rr) = % [fyea = -:I [ roe” M re x): 4.3)
T

a
sz_n

or re-writing the coefficients in terms of fj) = //a and f, = rf; equation (4.3) becomes
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RE) = % J’ e e [re R]; 44)

a
TX—

2n

which is the usual form for writing the Fourier series coefficients.

In practice, the Discrete Fourier Transform (DFT) is used to calculate the Fourier
coefficients of a discretized or sampled time domain signal and an algorithm known as the
Fast Fourier Transform (FFT) is used to implement the DFT efficiently (see Brigham
[Brigham 74] and Roden, pp 50-53 [Roden 79]).

If a time domain signal g( ¢) is sampled with a sampling period of At for N samples
and if it is assumed that this signal is a time limited function (i.e. zero outside the interval

0 <t < NAt) then the Fourier transform can be written as:
NaAt
20 = j g(te™%dt ; [ge R]; 4.5)
0
which for the sampled waveform g( rAr) can be approximated by the summation:

r-1

2 = Zg(ré.t) e CMAL ; [re R]. (4.6)
0

Now the DFT is calculated at the discrete frequencies L = 2nf; = 2nsfy = 2ns/a as:

r-1
arey _ o1 -isr2nfAt
&) = <N)§o:g<mt)e # i [rnse K] )

Therefore, comparing equation (4.6) and equation (4.7) it is seen that after the calculation
of the DFT using a FFT algorithm has been performed, the result should be multiplied by
a = NAt in order that an approximation to the Fourier transform can be obtained. In actual
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fact then, the DFT/FFT procedure is an approximation to the Fourier series coefficients and

as such produces an approximation to the periodic continuation (with period a) of the time
limited function g( t).

Explicit use of these formulae to obtain data will be rare since, as has already been
noted, experimental and theoretical results are already reported in the frequency domain.
Thus, in order to satisfy desirable quality one and three of table 4.1, all electromagnetic
component and path attributes are represcnted in the frequency domain via the Fourier
transform. All attributes presented in the following sections are specified over quantized

frequency ranges. For example, the frequency ranges may be defined as shown below.

Example Frequency Ranges
f <100 Hz
100<f<1KHz
1KHz <f < 10 MHz
10 MHz < f < 100 MHz
100MHz <f< 1 GHz
1GHz<f

Figure 15 Example frequency range description

Each auribute does not need to be specified over the same frequency ranges. A

normalization procedure is used to combine attributes specified over different frequency

ranges.

Now when multiple sets of time domain data are converted to the frequency domain
one must be careful that the same transform technique is used for all the sets of data. This

point can be made clearer by a careful study of the units which the transformed data takes

on.
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For example, assume that two sets of time domain waveforms are sampled, each
having the units appropriate to electric field strength (i.e. [V/m]). Applying a Fourier
transform to these waveforms would produce the units [Vs/m] as can easily be seen from
equation (4.2). Now due to the linearity property of the Fourier transform operator the two
sets of data can be summed in the frequency domain (i.e. summation of complex numbers)

and transformed back to time producing the sum of the time domain waveforms.

If the Fourier coefficients are derived from the time domain data (assuming
periodicity of period a) then the [V/m] units remain the same for the coefficients. This is
not at all obvious from the form of equation (4.1) but can be seen more clearly from
equation (4.4). Thus it would not be correct to compare a Fourier coefficient with the

corresponding amplitude of the Fourier transform at the same frequency (§; = 2nsf)).

This point can be further demonstrated by actually performing the Fourier
transform of a simple time domain waveform. For the electric field intensity given by the
time domain function E(t) = 50 sin(2nt/a) [kV/m], where a is the period of the sinusoid.
This represents a continuous wave (cw) signal with a 50 kV/m amplitude. It can easily be

shown that the Fourier coefficients f(f,) of this function are given by

kV 27

fif) = -i25—., fi=—, (4.8)
. .~ckV -2r
ﬂf-l) = 125 H , f—l = —a— ’ (4.9)

and zero for all other values r. The Fourier transform of E(z) can be determined with the use

of generalized functions:

; (4.10)

&) = i50m [8(§ + §y) - 8 - L) [sz]

m
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where {y = 2nfy = 2m/a. Now in a practical situation, where the signal E(1) is to be
compared to either another signal or to a level produced via the Fourier tr-nsform with the
same units, it is difficult to know how to compare the generalized function 8(Z) to a level
on a graph. In general, whenever the time domain functions are periodic the Fourier
transform consists of delta functions of varying amplitude along the frequency axis. The

amplitude of these delta functions is proportional to the Fourier series coefficients.

One way to compare the Fourier transform of a pure sinusoid to other levels on a
graph is by taking the FFT of the sinusoid and then approximating the Fourier transform by
multiplying the FFT by a (i.. the period over which the FFT was taken). This is shown

below in Figure 16 where 65536 points were used to perform the FFT of a pure sinusoid
over 50 periods.

Fourier Transform = TeFFT : T = 50«0
50 Y T T

- Peck = 41.9382dBuv/m/H2

function Vake (dBuV/m/tz)

NI U

0.1 1.0 10.0 *00.0 1000.0
Ffrequency (CHz)

Figure 16 Fourier transform from the FFT of a pure sinusoid

As can be seen in the figure the peak amplitude in the Fourier transform domain of
the pure sinusoid is 41.9382 dBuV/m/Hz which is equivalent to 125.0 pV/m. Since the FFT
was performed over 50 periods or a total time a = 5 ns, the graph can be divided through
by 5 ns to give the correct Fourier coefficient of 25.0 kV. The FFT assumes the periodic
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continuation of the time domain function, thus care must be taken to ensure that the time
domain function starts and ends at zero (if it is not truly periodic) or that it is applied for an
integer number of periods (if it is periodic). If more than 50 periods of the sinusoid would
have been used then in the Fourier transform domain the peak amplitude would have
become larger. In the limit as T — oo, the delta function 8({) would be obtained for the

Fourier transform, but the Fourier series coefficient would remain the same at 25.0 kV.

Thus it can be seen that the level to be used in the Fourier transform domain is
dependent on the time during which the time domain signal lasts. This can also be
understood by studying the transform of sin( 2rt/T) { u( t+tp) - u( t-tp)} where u(t) is the

unit step function. The transform of this is equal to:

1 sin(2mrty(f—1fy)) sin(2nty (f+1;))
2mi (f—1,) B (f+£p) )

(4.11)

a pair of shifted sinc(-) functions. This function has a height equal to 2ty and the main peak

ber omes narrower. Thus as ty — oo, the delta function may be obtained intuitively.

4.2 Electromagnetic Disturbance Representation

It is possible for each component node in an electromagnetic topology to have an
electromagnetic disturbance associated with it. The first question which arises is as to what
types of electromagnetic disturbances are possible. The usual case is to define the
disturbance in terms of either field quantities or circuit quantities. Thus an appropriate
classification is to define either:

1) electric field E with units of [V/m or dBV/m];
2) magnetic field H with units of [A/m or dBA/m];
3) and power density P4 with units of [W/mZ or dBW/m?);

for field nodes, or:
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1) voltage V with units of [V or dBV];
2) current I with units of [A or dBA;
3) and power P with units of [W or dBW];

for circuit nodes. The electromagnetic component node can thus be classified as being

either a field node or a circuit node. Examples of the representation of real components will
be given later.

The above quantities are not independent of each other and can be related to each
other via the wave impedance Z (since E and H are generally vectors, Z is a tensor of rank
two or dyadic) for field nodes as:

P, = (ExH) (4.12)
E =ZH (4.13)
or through a circuit impedance Z for circuit nodes as:
P=1V (4.14)
vV =1ZI (4.15)

where now Z is a scalar quantity.

An understanding of the wave impedance Z is attained through an examination of
the nature of the field quantities at different distances away from a source. If the maximum
dimension of a radiating component (i.. current carrying component or aperture) is given
as D then a boundary distance between the far field and near field region can be defined as:

r = i,forD«K (4.16)
27
D? A
= — 2= 4.
r 22‘,forD 25 4.17)
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where A is the wavelength of the emission (see [Duff 88] pp 2.10-2.21).

In the far field, or radiation field, the electric and magnetic field vectors can be
shown to propagate perpendicular to each other with an impedance of = 377 Q (see
[Harrington 61]) and both fall off or attenuate in proportion to 1/r. In the near field, or
induction field, the impedance between the perpendicular components of the electric and
magnetic field vectors is >> 377 Q for electric or high-impedance fields and << 377 Q for
magnetic or low-impedance fields. Also, in the near field region all the directional
components of the E, H and Py, vectors may exist, whereas in the far field the E and H

vectors are orthogonal to each other and lie in the plane perpendicular to Py which is

directed radially away from the source.

The scalar impedance Z for circuit nodes is the usual concept of circuit analysis.
This quantity can range greatly (theoretically from O to o) in value depending on the
application of the circuit. Thus with an understanding of these concepts, a representation of

an electromagnetic disturbance can be approximated for an electromagnetic component.

4.2.1 Electromagnetic Disturbance Simplifications

It is now necessary that a simplified representation be formulated for the
electromagnetic disturbance. In deriving this, the desirable qualities given in Table 4.1

must be kept in mind.

For field nodes the electromagnetic disturbance represents either the actual
measured electromagnetic field emitted by the component node or an approximation to this
field based on numerical and/or experimental fields of similar components. The first
simplification which will be made is to ignore the directional properties of the magnetic and
electric fields (i.e. they are treated as scalars). Thus E becomes E, H becomes H, and Py

becomes P. In a sense, this assuines the worst case field orientation properties and does not

account for the possibility of poor coupling of fields from emitter to susceptor due to
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physical orientation in space [McDonnei 78]. This approximation, however, makes the
attributes much more amenable to computer implementation. In many practical situations,
the exact orientation of the field vectors will not be exactly known, therefore it is reasonable

lo assume a worst case orientation in the representation.

Implementing this approximation equations (4.3) and (4.4) become

2
P = EH = EZ' = H*Z [W/m?), (4.18)
and
E = ZH (V/m], (4.19)

which are now in a form isomorphic to the scalar circuit quantities.

Next, a representation of the values of the respective impedances must be
determined. Instead of giving the impedance Z a continuous range of values, it is adequate
to quantize the domain of Z into three values. These quantized values are chosen to be one
of the following:

1) electric (Z > 377 Q);
2) magnetic (Z < 377 Q); or
3) plane wave (Z = 377 Q);

for field nodes, or:

1) high (Z>>1kQ);
2) low(Z<<10Q); or
3) medium (10 <<Z << 1 kQ);

for circuit nodes. The value 377 Q is natural for the field node since this is the impedance

of free space. The circuit node impedance values are chosen heuristically since they provide
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a good characterization of many electrical cumponents. For example, most power line
circuits run high currents over low impedance lines. Many communication/antenna circuits
implement impedances of about 50 to 100 Q, and many logic circuits have high input

impedances (circuit boards have medium impedance).

Knowledge of the impedance attribute is used to determine the way in which the
electromagnetic disturbance propagates through an interaction path. Details of this will be
discussed later.

The next approximation to be considered is the quantization of the disturbance
strength. Since the impedance description is now a part of the attribute, the quantity used
to represent the disturbance strength is optional. That is, one of voltage, current, or power
for circuit nodes and one of electric field, magnetic field, or power density for field nodes.
The decibel scale is usually used for such representations due to the large range of emission
levels possible from the wide range of emitters of electromagnetic radiation. Thus, the
appropriate form for the representation of an electromagnetic disturbance is in a quantized

form.

extreme if PD is > 84 dBm/m?%/Hz (>10 kV/m/Hz)

high if PD is 44 - 84 dBm/m%/Hz (.1 - 10 kV/m/Hz)
medium  if PD is 4 - 44 dBm/m?/Hz (1 - 100 V/m/Hz)
low if PD is -36 - 4 dBm/m%/Hz (10 mV/m - 1 V/m/Hz)

very low if PD is < -36 dBm/m%/Hz (< 10 mV/m/Hz)

nil --> no disturbance

unknown (propagate as unknown throughout)

Figure 17 Fieid type power density disturbance definitions
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The field type disturbances are denoted by PD and are defined in terms of power
density Py. These are shown in Figure 17 where the bracketed values represent the
equivalent electric field for free space far fields. The units dBm/mZ/Hz signify decibels
above 1 milliwatt of power density per Hz. Note that the above units are /Hz since they are

frequency domain representations.

The circuit type disturbances are denoted by P and are defined in terms of power
in units of dBm/Hz. These are shown in Figure 18 below, where the bracketed values

represent the voltage equivalent in a 50 Q circuit.

extreme if Pis > 84 dBm/Hz (> 3.5 kV/Hz)

high if P is 44-84 dBm/Hz (35 V/Hz - 3.5 kV/Hz)
medium  if P is 4-44 dBm/Hz (350 mV/Hz - 35 V/Hz)
low if P is -36-4 dBm/Hz (3.5 mV/Hz - 350 mV/Hz)
very low if Pis <-36 dBm/Hz (< 3.5 mV/Hz)

nil --> no disturbance

unknown (propagate as unknown throughout)

Figure 18 Circuit type power disturbance definitions

The specific values shown above for both field nodes and circuit nodes are chosen
heuristically based on experience of electromagnetic disturbance levels and on the
requirement for a useful number of ranges. The values assigned to each quantized range are
quite arbitrary, but once these values are chosen, the creation of a useful database of

disturbances requires that these values remain constant.
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These disturbances or emissions, whether they are from circuit nodes or field nodes,
can be classified as narrowband or broadband relative to the receiving bandwidth of the
susceptor. This information is implicit in the amplitude characterization given for an

emission along with the characterization of the susceptibility of the receiving component.

Now it is clear from the theory of the Fourier transform (see [Kémer 88]) that the
frequency representation of a unique time domain waveform requires not only the
amplitude -~formation but the phase information as well. The phase information can mean
the difference between a coherent wideband emission and an incoherent wideband
emission (see [Mil-Std-462] and [Duff 88]). A coherent broadband emission will produce
a disturbance at the receiver which is proportional to the receiver bandwidth, while an
incoherent broadband emission will produce a disturbance at the receiver which is
proportional to the square root of the receiver bandwidth. Thus the importance of
classifying an emission as coherent or incoherent relates to how the emission interacts with
its path and, ultimately, with the susceptor. For example, if a receiver or susceptor is
sensitive to peak voltage disturbances, then an emission which is coherent in the bandwidth
of the susceptor will produce twice the peak voltage as that of an incoherent emission in the
same bandwidth.Thus the representation of a disturbance will also contain a slot, or
location, for the specification of pertinent phase information. This information may also

vary over specific frequency ranges.

Each component node in a topology, whether it is a circuit type node or a field type
node, may contain many disturbance representations derived from all the sources present
in that volume. The individual disturbance attributes for all the sources associated with a

volume node (say V) can be frequency range normalized and added in parallel to

determine the roral disturbance emitted from that node.

Since the normalization procedure and parallel addition procedures are
independent of the type of node (circuit or field), the disturbance for the node will be

denoted as ambient field (AF) to simplify discussion. Thus, in the following discussions,
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whenever the term AF is used the disturbance in terms of either P or PD. Before these
procedures are described, an example is given in the next section of some ambient fields

which can be stored in a volume node.

Ambient Field X
Inipedance: [description list];
Magnitude: [embedded list over freq. range];
Phase: [embedded list over freq.range];

Frequency

Total
Ambient
Field for
Node

Normalization

and
Parallel Addition

Ambient Field Y
Impedance: description;
Magnitude: fembedded list over freq. range];
Phase: [embedded list over freq.rangej;

Figure 19 Ambient field attributes for a typical volume node.

4.2.2 Examples of Ambient Field Attributes

The fields smitted by a lightning strike can be simulated by the fields produced by
a current pulse with pulse width T = 50 us and a 10 to 90 percent rise time T, = 500 ns (see
[Duff 88]). The average strike has a current amplitude of 30 kA. Ata distance of 0.1 km the
electric field may be approximated by a double exponential waveform of peak amplitude

equal to 50 kV/m. Plots of the time domain representation and Fourier transform of this

waveform are shown in Figure 20.
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Figure 20 Lightning emission
The time domain waveform is calculated from:
L t
— T T
E(t) = E, (e -e (4.20)
with the peak value of the waveform given by:
tl’ 11’
E,)l1+ (=) (In(=)-1) 4.21)
L T T¢

and the 10% - 90% rise time given by 2.2 1, and the duration of the pulse (from start of

disturbance to time when pulse has decayed to 10% of the peak value) given by 2.3 t¢ (see
[Lee 86]).
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The Fourier transform of this pulse is given by

E(w) = f‘ & (4.22)
l -11,0°+jo(T,+7)

where: @ = 2xtf is the angular frequency;
j is the imaginary number J/~1;
T, = 500 ns;
T¢= 50 us,
and E, = 50 kV is the waveform magnitude.

The above disturbance would then be represented in the database according to the
previously defined levels as:

Ambient field strength: Lightning Emission (0.1 km)
Impedance: [Plane Wave]
Magnitude: f < 10 kHz ---> medium
100 < f <400 kHz ---> low
400 kHz < f < 1 GHz --->very-low
1 GHz < f ---> nil

Phase: [Coherent]

Figure 21 Example ambient field representation
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4.2.3 Parallel Addition and Frequency Normalization

The total ambient field produced at a node (say V1) due to the individual ambient

fields imposed in that node volume needs to be determined in an appropriate manner so that
one consistent representation can be propagated throughout a system topology. It is

assumed for the moment that the total nodal ambient field AFr is required over a specific

frequency range set Fg (global frequency range set) given by N frequency ranges:

Fg =(( ngv fgl)’ ( fgl’ ng)v v fgj-l' fgj)' o ( ng-l’ ng)). (4.23)

If a specific ambient field AF; is siored over a specific frequency range set F, given by the

M frequency ranges:

Fx =( ( fx » fxl)v ( fxly fx2)o oo ( ij-]y ij)’ w ( fo-l, fo))v (4-24)

then AF, can be represented by the set of M ambient field amplitudes:

AFx =(( afxl)9 ( afx2)9 - ( a-ij)’ . ( afo-])v ( afo))’ (4'25)

for a certain impedance attribute AFZ,. Each of the afy;'s is one of the quantized amplitude
levels described previously. Now before AF, can be summed into the total ambient field
AFr it must be normalized to the global frequency range F; and can be written as AF,

where

AFxn =(( afxnl)s ( afan), . ( afxnj), e ( afan-l)v ( afan)), (426)

This is performed by the algorithm shown in Figure 22.
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Frequency Normalization Algorithm

Loop I: over the Fy ranges ( fg; |, fg), =1, .. N
set afyy; to unknown;
Loop 2: over the F, ranges ( fy;_1, fy), i=1, ... M:
If fy; < fg;1 then end loop 2;
If £y;.1 2 fg; then end loop 2;
set afyy; to worseAF ( afxnj» afyi);

continue Loop 2;

continue Loop I;

Figure 22 Frequency normalization algorithm

The function worseAF( af}, afp) returns the higher value ambient field, but returns

unknown if and only if both af} and af, are unknown. For example:

* worseAF( unknown, very low) returns very low;,
* worseAF( uuknown, unknown) returns unknown,
* and worseAF( high, low) returns high.

Thus the effect of frequency normalization is to take, for the new normalized
ambient field value corresponding to a global frequency range, the worst case ambient field
value from the set of specific ambient field values whose corresponding frequency ranges
overlap the global frequency range for all global frequency ranges. Obviously the choice of
global frequency ranges will have an effect on the ambient field value which is ultimately
propagated throughout the system topology.
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Now when more than one specific ambient field is specified for a volume node a
procedure called Parallel Addition is performed. Given k ambient field representations in

anode, say AF|, AFy, ... AFj, ... AFy|, AFy, the first step is to frequency normalize these
as AF)p, AFyy, ... AF,, ... AFy 15, AFyq. At this point, each of the k ambient fields consists
of a set of N ambient field values. The total ambient field AFt can now be determined as

the worst case ambient field value for each global frequency range. Specifically, the
algorithm shown below can be applied.

Parallel Addition Algorithm:

Loop I: over the AF; ambient field sets, j = 1, ... k;
frequency normalize AF P
continue Loop I,
Loop 2: over the Fg ranges ( fg;., fg)i=1,..N;
set af; to unknown;
Loop 3: over the AF; ambient field sets, j = 1, ... k;
if af;; = unknown then set unknown flag;
set afy; to worseAF( afy;, afj);

continue Looup 3;

continue Loop 2.

Figure 23 Parallel addition algorithm

4.3 Component Susceptibility Representation and Approximation

Each component node in an electromagnetic topology may also have a syszem

susceptibility (SS) associated with it. This system susceptibility value represents either the
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actual measured susceptibility of the component node or an approximation to this value
based on numerical predictions of component models and/or experimental measurements
made on similar components.

The system susceptibility is inversely related to the level of disturbance which will
cause either:

1) upset; or
2) permanent damage;

of the susceptible component. That is, the lower the disturbance level which will cause

upset or damage to a component the higher the defined susceptibility of that component.

There are many ways to define the specific susceptibility of an electromagnetic
component. For instance, many logic circuits will be upset by peak voltage disturbances at
their input terminals (see [Ott 88]). These disturbances must fall withir the bandwidth of
the logic device in order for an effect to be seen. Communication type systems are
characterized as having a less definite upset susceptibility. This is because the analogue
circuits involved in this type of system are sensitive to very low disturbance levels in the
sense that the noise is noticed by an operator but the operator is still capable of deriving the
correct operation of the system. Thus, in the case of analogue circuits, definition of a
definite disturbance level where upset occurs is not as simple as for logic type circuits. For

these type of circuits, damage level may be easier to define.

Damage and upset levels of many integrated circuit technologies (both logic and
analogue circuits) have been tabulated in the McDonnel Douglas report Integrated Circuit
Electromagnetic Susceptibility Handbook (see [McDonnel 78)). These tables were
obtained from experiments as well as from numerical data based on circuit models of the
integrated circuits. Sinusoidal and pulsed sinusoidal disturbances of varying frequencies
(from 100 MHz to 40 GHz) were presented to the inputs of the integrated circuits and the

minimum power levels causing interference were noted. The interference levels were
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defined according to some criterion depending on the circuit being tested. Damage levels
were obtained for pulsed power interference; the pulse power and pulse widths sufficient to

cause damage were reported.

It is obvious from the above discussion that the system susceptibility representation
of an electromagnetic component should relate to the type of disturbance. The
susceptibility can only have meaning when defined in the context of the disturbing source.
Therefore in order to achieve compatibility with the ambient field representation the system
susceptibility is also represented in the frequency domain. This allows a direct comparison

to the ambient field quantity.

The representation of the component susceptibilities is also in a quantized form (40
dB steps), similar to that of the ambient field. These are defined in terms of either received
power or power density and are shown in the Figure 24 below where the type of units are

dictated by the type of node being characterized.

very low if SS is > 84 dBm/m%/Hz or dBm/Hz
low if SS is 44 - 84 dBm/m?/Hz or dBm/Hz
medium  if SS is 4 - 44 dBm/m?/Hz or dBm/Hz
high if SS is -36 - 4 dBm/m%/Hz or dBm/Hz

extreme ifSSis<-36 dBm/m2/!-Iz or dBm/Hz

nil --> not susceptible

unknown propagate as unknown throughout

Figure 24 System susceptibility definitions
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Along with this level representation, information about the type of sensitivity and
the effect of failure (i.e. upset or damage) can be given for each frequency range. Thus for
example, the SS for CMOS integrated circuits may be specified as shown below (see
{McDonnel 78]).

System Susceptibility: CMOS Integrated Circuit
Level: f <200MHz ---> high
200 MHz < f < 10 GHz ---> medium
10 GHz < f ---> nil
Type: [peak sensitive]

Effect: [upset]

Figure 25 Example system susceptibility representation

Each component node in the topology may contain many system susceptibility
characterizations. For example, the component node representing a circuit board may be
characterized by specifying susceptibilities for CMOS, TTL, and line driver integrated
circuits. These specific SS values are stored in a database and can be retrieved by the user

to characterize each node in a topology.

Once the specific system susceptibilities of a component node have been defined,
the frequency normalization and parallel addition routines, similar to those used in the

ambient field case, can be used. The difference will be that the ‘unction worseAF( af|, af,)
will be replaced by the function worseSS( ss;, ssy). This function will retum the worse

system susceptibility of the two component susceptibilities ss;, and ss,. A pictorial
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description of how each system susceptibility is used to create a total system susceptibility

for the component node is given in Figure 26.

System Susceptibility X
Level: [embedded list over freq. range];
Type: [embedded list over freq.range];

Frequency
Normalization
and
Parallel Addition

System Susceptibility Y
Level: [embedded list over freq. range];
Type: [embedded list over freq.range];

Figure 26 System susceptibility attributes for a typical volume node

4.4 Interaction Path Shielding Effectiveness Representation

The shielding effectiveness (SE) is a representation of the path characteristics
between two volume nodes and is used to determine the amount of attenuation the ambient
field will encounter before the field energy reaches the susceptor. Recall that in the
graphical representation the interaction path nodes correspond to surfaces between
volumes of the topological representation. Each interaction path may be made up of a
number of different parallel paths between electromagnetic component nodes. Each of
these parallel paths will be given an SE characterization and these characterizations will

again be frequency normalized and added in parallel via algorithms similar to the ambient
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field and system susceptibility algorithms. The topological and graphical representations of
these interaction paths can be summarized as shown in Figure 27. Note that the total

interaction path is made up of the individual parallel paths.

- a

e /

Topological Representation

Total Interaction Path

Volume -4 Volume
Node o Node

Graphical Representation

Figure 27 Interaction path representations

The SE is also given over discrete frequency ranges in order that its representation
be compatible with that of the ambient field and the system susceptibility. The question of
units for this quantity depends on the two volume nodes which it connects. For example,
the SE between a circuit node and a field node will require units appropriate to the task of
converting the ambient field from one node to the units of the other. As in the ambient field

and system susceptibility representations, the SE is defined with discrete qualitative levels.
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These are given in Figure 28 where the specified units are for paths between nodes of

similar type.

excellent if SE > 100dB
good if80<SE<100dB
fair if60 <SE<80dB
not good if 40 <SE <60dB
poor if SE<40dB

nil --> no shielding

unknown propagate as unknown throughout

Figure 28 Shielding effectiveness definitions

These levels are quantized in 20 dB ranges since these are typical ranges for real
paths. Non-linear paths which depend on the AF crossing can be implemented by having
the specific path representation be depen 'ent on the ambient fields. This will be discussed

in the next chapter on constraint propagatic...

Since the susceptibility of EM components is usually given in terms of the actual
received power (see the report [McDonnel 78]), a coupling coefficient may be represented
in this SE in order to convert the ambient field data to the units of power or power density
required. Thus the SE nodes in the bipartite representation must deal with the conversion
from field node to circuit node and vice versa (note that this implies the importance of
directionality in the graph).
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4.4.1 Examples of Path SE Attributes

Paths between field nodes, which will be denoted ff-parhs, take field quantities and
attenuate them producing field quantities on the other side. Paths between circuit nodes. cc-
paths, attenuate circuit disturbances. The other two possible combinations are fc-paths and

¢f-paths with corresponding meanings. These are summarized in the figure below.

ff-path
Field Field
Node Node
cc-path
Circuit Circuit
Node Node
Sfe-path
Field Circuit
Node Node
cf-path
Circuit P Field
Node Node

Figure 29 Interaction path types

Examples of specific instances for each of these cases will be given in the following
subsections. Each type of path node has conceptual characteristics of its own, but as will be
discussed later, the stored SE characteristics are handled in the same manner for all four
types of interaction.

4.4.1.1 Field-Field Path Nodes

An example of a ff-node is a conducting shield separating two volumes. This is
recognized in the electromagnetic topology representation as a surface between two

volumes. Now a practical shield is far from perfect in that it contains many imperfections
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which will allow fields to propagate between the two separate volumes. An excellent
review of shielding theory is given by Schulz (see [Schulz 88]). Some typical imperfections

which may exist in a conducting shield are depicted in Figure 30.

Exterior Antenna
Volume Air Vent Y e Penetration
——© Hollow
Ungasketed [ Waveguide
i Aperture
Metallic Interior
Seams  asket Volume
Conducting
— Penetration
RF Gasket Eﬂ;ﬂ

EZ28, Shielded
Penetration

;J Ground

Connection

Figure 30 Typical shield imperfections

The imperfections shown above are very typical interaction paths between two
volume nodes. These are found in real world entities such as shielded rooms or buildings,
electronic equipment enclosures, or even the skin of an aircraft body. Each of these
imperfections will have an SE characterization derived from either experimental or

theoretical models.
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For example, shielding effectiveness of apertures in thin conducting shields has
been investigated by many authors. A heuristic rule for the determination of the shielding

effectiveness of apertures to plane waves has been given by Ott (see [Ott 88]) as

SE;z = 20log (%) for A > 2L, (4.27)
and
SEs;g = Ofork<2L, (4.28)
where: A is the wavelength of the wave [meters|, and

L is the longest dimension of the aperture [meters).

A more recent rule based on measurements made in a specially desi gned TEM cell has been
giveu by Vitek (see [Vitek 89)) as

SE;z = 20log T3¢ — | forA>2L, (4.29)

log (=)
d(9+5.5r) &2

and

SEs; = Oford<2L, (4.30)
where: f is the frequency of the wave [MHz], and
r is the length to width ratio of the aperture [dimensionless].

The shielding effectiveness derived from both of these models for apertures having
lengths of 0.5 and 0.1 meters and widths of 0.1 and 0.01 meters respectively are shown in
Figure 31. The solid line was calculated from the Ott equation (4.27) while the broken line

was calculated from the Vitek model (equation (4.29)). It is apparent from the figures and
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from the coarseness of the required approximations that either of these models can be used
to derive SE values to characterize the interaction path due to apertures. Thus the simpler
model should be used as a first approximation. If the aperture happens to be on a critical

path (to be described later) a more accurate model should be used.
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Figure 31 Shielding effectiveness of apertures

Similarly, simple models for each type of possible imperfection for a conducting
shield are available in the literature and in manufacturer specifications for these

components. It is not the intent here to accumulate the required models which would exist
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in the database of the advisor but to show the types of models which are appropriate and

available.

As a final example, and in order to demonstrate an important point conceming the

decomposition of complex systems into their respective topologies, conducting

penetrations will now be examined. A conducting penetration can render to nil the shielding

effectiveness of an enclosure in certain bandwidths. This is because field energy can couple

onto the conductor penetrating the shield and then be radiated again on the other side. This

becomes more clear if the topology of this path is modelled more closely. In the figure

below a more detailed topology model of this type of shield imperfection is shown along

with the simpler topological model.

\ y,

Simple Topological Model

Field
Node

Equivalent Graph Representation

ff-path

0 Field
Node
S 1;2

4 S12 Vi \

More Detailed Topological Model

fe-path

Field
Node

Equivalent Graph Representation

Circuit
Node

fe-path
S‘..’;3

Field
Node

S12

Figure 32 Two topological representations of
the same shielding imperfection
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Thus a more detailed topological model may help to understand an interaction path
phenomenon. Once the detailed model is instantiated, that is, once ihose path attributes
which give an acceptable model have been determined. then it can be collapsed into the

simpler representation with new composite attributes. This is discussed in the next chapter.

4.4.1.2 Circuit-Circuit Path Nodes

Circuit-circuit path nodes are used to model any interaction between circuit nodes.
For example, most power-line entries into an equipment enclosure are electrically filtered,
ribbon cable connectors on a circuit board may also be handled as cc-nodes and finally, data
transmission cables between circuits may also be modelled in this way. In effect, any
electrical circuit connection can be modelled by a cc-node. The level of modelling detail
required for the system will dictate the definition and introduction of cc-nodes into the

topology.

4.4.1.3 Field-Circuit Path Nodes

Field-circuit nodes are used to define the coupling of field quantities to circuit
nodes. For example, the coupling of far fields to printed wiring boards (FWB’s) may be
approximated by a half-wave dipole where the received power P is calculated from the

incident power density Py as:

P = AemPy (W] (4.31)

where A, is the maximum effective aperture for a half-wave dipole:

Aem =0.13 A2 [m?); (4.32)

and A is the wavelength (in meters) of the incident radiation. This has been found to be a
good approximation for frequencies ranging from 100 MHz to 10 GHz [McDonnel 78]. For

lower frequencies a maximum effective aperture of A, = 1 is an appropriate worst case

approximation.
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4.4.14 Circuit-Field Path Nodes

The circuit-field nodes are used to represent the emission of fields from circuit
nodes. From Maxwell’s equations it is known that fields are produced by currents and
charges (sources). Thus, for example, currents existing on a printed wiring board will
radiate energy in terms of electric and magnetic fields. Some example estimations for the
level of these emissions are derived from approximating the sources as loop and dipole
radiators. The worst case far field power density emitted from a loop above a ground plane
can be approximated by (see [Ott 88]):

Al 267dBm/m?*/Hz (4.33)

P, = 40log (f) +2010g(-r—

where:  fis the frequency of the emission [Hz];
A is the loop area [m?];
ris the Jistance from the loop {m]; and
L is the current magnitude carried by the loop [A].

The emission from a current loop with A = 25 cm2, [ = 25 mA, and a distance r = 3 m is
plotted in Figure 33 for the frequency range of 0.1 MHz - 10 GHz using the above
approximation. Note that the above formula is not valid for near fields and thus the portion

of the plot below 10 MHz is not accurate.

Of course more accurate models are obtainable for emissions from circuit boards
(see for instance [Raut 86]) but considering the use of the results in the topology model, a
coarse worst case model may be sufficient as a first approximation. Also, experimental data
may be used for specific circuit boards which have been tested. Thus a complete data base
of emission level data for the set of circuit boards of interest may be kept. The database

would then be fine tuned as better models or experimental data become available.
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Figure 33 Emission from current loop above ground

4.4.2 Physical Example with All Interaction Types

In order to better visualize the four types of interaction paths between the two types
of nodes, an example of the topological decomposition of a real physical system will now
be given. Considered here is the electromagnetic interactions within a small computer
system surrounded by the external ambient. This physical system is depicted in Figure 34
along with the topological decomposition and the equivalent bipartite graph.

As can be seen from the figure, the ambient volume may contain natural disturbanc-
es such as lightning emissions, and man made disturbances such as radar antenna emissions
or radio station broadcasts. From the topological decomposition and the graph, it can be
seen that these disturbances have three paths of entry into the computer system. These are
depicted as the surfaces between the ambient field volume and: 1) the power cable; 2) the
EMI filter enclosure: and 3) the computer enclosure. The computer system itself is decom-

posed into the electronic circuitry, the internal power distribution circuitry, the EMI filter
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enciosure, and the EMI filter circuitry. The node types for each of these components are
depicted as cross-hatched nodes representing circuit nodes, hollow nodes representing field

nodes, and the small solid nodes representing interaction paths or surfaces.

Thus, for example, there exists a fc-node (interaction path) from the computer
enclosure field nod: to the internal power distribution circuit node which models the fields
coupling onto the power distribution circuits. This same interaction path node may contain
the representation for a cf-node which models the emissions from the internal power

distribution circuit.

Electronic
Circuitry Intemal Ambient
Power Volume
Distribunon |__
Computer
Enclosure EMI Filter Power
Circuit Cable
EMI Filter Case
Power &% ° 22\ EMI Filter Field
Cable 2585 &% Circuit Node
) Comp, Circuit
Ambient Enck Node
B @ [Interaction
B .;:% Path Node
[nternal &
Power  Electronic
Distribution Circuitry
EMI
Case

Figure 34 Examrles of system characterization via
tonelogy and equivalent graph representation
involving all four types of nodes
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Of course this is not the only possible topological decomposition of this physical
system. Many other decompositions are possible and some may in fact be more appropriate
depending on which component and via which interaction path the greatest risk of failure
manifests itself. These considerations cannot be known a priori unless previous experience

with similar electromagnetic components and topologies is available.

For example, in the computer system depicted in Figure 34, data cables and I/O
ports have not been included in the topological decomposition. This may prove to be an
error if in fact these components end up causing failures in the system. On the other hand,
they may have been intentionally ignored since previous experience may have shown that
there is little disturbance through the paths associated with the data I/O circuitry. Thus the
topology may have been reduced in size by not including these electromagnetic

components.
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Chapter 5

Using Constraints to Characterize EMI

The language of Constraints was described by Sussman and Steele in [Sussman 80|
as a method of deriving useful consequences by propagating conditions through a
constraint network. A formal overview of constraint networks as applied to picture
processing has been presented by Montanari [Montanari 74). Presently, a constraint type
language is defined in order to characterize an electromagnetic interaction problem. The
constraints are used to define an electromagnetic topology. They are also used to define
emission and susceptibility attributes of component nodes and shielding attributes of
interaction paths in the topology. The likelihood of a component node failing is also derived
via the propagation of imposed conditions in the topology through appropriate constraints.
The details of this procedure will now be explained.

5.1 Topology Definition Constraints

The first step in the solution of an electromagnetic interaction problem is to define
the electromagnetic topology of the system to be studied. This is accomplished by defining
the discrete electromagnetic volumes (i.e. each node) with a suitable name. In essence this

is just a declaration of the existence of each node. For example, the statements:

node( external_vol). node( computer). node( cpu).

node( power distribution). node( power cord). node( power supply).
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would declare the existence of six nodes in the current topology. Once the nodes are
declared the common surfaces between nodes must be represented. This is achieved by
declaring surfaces between electromagnetic volumes. Continuing with the above example,

the surfaces may be defined as:

surface( external_vol, computer). surface( external_vol, power cord).
surface( external_vol, power supply).  surface( computer, cpu).

surface( computer, power distribution). surface( computer, power supply).
surface( cpu, power distribution). surface( power distribution, power supply).

surface( power supply, power cord).

where nine surfaces have been identified. Thus, with these 15 statements, a small
electromagnetic topology has been defined. A surface declaration is said to constrain two
volumes into sharing a surface. Although the above statements look like Prolog code, they
are meant to be independent of implementation and any resemblance is coincidental with
the fact that Prolog is declarative in nature. It should also be noticed that the above
declarations define a graph G with vertices given by the node statements and the edges
defined by the surface statements.

5.2  Global Frequency Range Constraint

As was described in the previous chapter, all electromagnetic attributes associated
with the volume nodes and the surfaces between nodes are characterized in the frequency
domain over a set of discrete frequency ranges. In order to compare attributes they are all
normalized to a global frequency range. The specific discrete frequency ranges to be used
for the global frequency ranges are chosen by the user and can be set as coarsely or as finely
as is desired. This is accomplished by constraining the global frequency variable to a
specific frequency range found in the know!edge base. For example, the statement:

global_frequency( frequency_range_x).
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will constrain the global frequency variable to the frequency ranges defined in

frequency range x which would appear in the knowledge base as a list of discrete

frequency ranges.

It should be noted that the number of discrete frequency ranges defined will affect
the speed of computation for the 1) frequency normalization, 2) parallel addition, 3) worst
case shielding path determination, and 4) risk of failure operations. Therefore, it is best to

start with a coarsely defined frequency range and then refine it in regions of high likelihood
of failure.

5.3 Volume/Surface Attribute Definition Constraints

Once the electromagnetic topology has been defined the specific electromagnetic
atributes unique to each electromagnetic volume as well as each surface can be
determined. Thus the statement:

disturbance( node( external_vol), [[standard, NEMP}, [standard, LEMP), [cw, HF])).

will constrain the external_vol node to have disturbances associated with a standard
Nuclear Electromagnetic Pulse, a standard Lightning Electromagnetic Pulse, and a
disturbance defined as a continuous wave - High Frequency type disturbance. All three of
these disturbances would exist in the knowledge base in the form described in the previous
chapter. Entering these constraints would trigger th frequency normalization and parallel
addition algorithms described previously in order ) produce a total disturbance for this
node. Nodes which are not instantiated with specific attributes are taken to be unknown
over all frequency ranges of the global frequency range. Certain specific disturbances may

also contain an unknown level in a specific frequency range (as defined in the data base).

A classification is made of the different disturbance data available in order to
organize the knowledge base. The disturbance data in the knowledge base is divided into

specific types and sub-types. Currently this classification consists of the types:
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1) standard;
2) transient;
3) continuous wave; and

4) user specific disturbance (user defined then stored for later use).

The type standard refers to disturbances defined by official documents with sub-
types defined from standards such as the NEMP NATO standard, Mil-Std-461C
susceptibility standards (see [Mil-Std-4€1C]), and LEMP threat standards. The type
transient generally defines disturbances produced by coherent or incoherent transient
sources such as spark discharges, power line surges, and switching devices. The type
continuous wave is used for sub-types such as radio/TV transmitters, 60 Hz power

equipment, VDT’s, and other continuous wave equipment.

As well, provision is made for user defined types and sub-types which do not fit in
the other categories of the classification. These can be defined at any time by the user, being

derived possibly from experimental measurements or numerical models.

In a similar fashion, the susceptibility of an electromagnetic volume node can be
constrained to one or many of previously defined susceptibility attributes stored in the

knowledge base. As an example, the statements

susceptibility( node( cpu), [[digital, TTL], [digital, CMOS], [analogue, line_driver]]).

susceptibility( node( power supply), [[analogue, volt_regulator], [digital, comparator]).
would constrain the two specified nodes to have total éusceptibilities derived from the
susceptibilities of the listed components.

The knowledge base classification of susceptibility data currently being used is:

1) digital technology components (e.g. TTL, CMOS devices);
2) analogue technology components (e.g. OP AMPS);
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3) power technology devices (e.g. voltage regulators); and

4) user specific susceptibilities (defined then stored for later use).

These were compiled from the multitude of literature available on the electromagnetic

susceptibility of devices (see for example [Duff 88], [Keiser 87], [McDonnel 78], [Ott 88].
and [White 73]).

Finally, the shielding effectiveness attribute can be used to constrain any of the
surfaces in the topology. It should be noted that, although the path or interface between two
volume nodes is being referred to as a surface, in general a path may bear no resemblance
to a surface at all (for example the path between two circuit nodes). The term surface is

being used for convenience. Thus the following statements:

shielding( surface( external_vol, computzr), [[shield, aperture, length, depth],

[shield, wire-mesh-gasket],

[shield. honey-comb-cooling-vent])).
shielding( surface( external_vol, power cord), [[coupling, short-cable])).
shielding( surface( external_vol, power supply), [[shield, wire-mesh-gasket]]).
shielding( surface( computer, cpu), [[coupling, pcb, 30cmX30cm]]).
shielding( surface( computer, power distribution), [[coupling, short-ribbon-cable]]).
shielding( surface( computer, power supply), [[shield, aluminum]]).
shielding( surface( cpu, power distribution), [[filter, nil]]).
shielding( surface( power distribution, oower supply), [[filter, feed-thru caps]}).
shielding( surface( power supply, power cord), [[filter, EMI-461]]).

constrain the shielding effectiveness of particular interaction paths in the previously

defined electromagnetic topology.

The classification of the shielding effectiveness data for use in the knowledge base
is more difficult than for the disturbance and susceptibility attribute data. This is due to the
fact that four types of paths exist (i.e. ff-paths, cc-paths, fc-paths, and cf-paths).
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The first level of classification distinguishes between the different path types:

1) shield (ff-paths);

2) filter (cc-paths);

3) coupling (fc-patks); and
4) radiation (cf-paths).

Categories or sub-types of shield imperfections can be classified as:

1) conductive penetrations;

2) filtered conductive penetrations;

3) non-conductive apertures (openiigs);
4) gasketed apertures;

S) special viewing apertures; and

6) special venting or cooling apertures.

Typical filter sub-types are feed-thru capacitors, emi-filters, and nil representing a direct
circuit connection. Sub-types for the coupling type path are such mechanisms as printed
circuit board ccupling, and cable coupling. The radiarion type is the dual of coupling but
the specific values are not necessarily related to the coupling path (hence the importance of

the directed interaction sequence diagram).

5.4 Worst Case Shielding Path

Thus far the shielding attribute has been used to constrain the shielding
effectiveness between two electromagnetic volume nodes which share a common surface.
This knowledge represents heuristic information about the interaction path between two
neighboring nodes. Tmplicit in this knowledge, along with the knowledge of the

electromagnetic topology, is information regarding the heuristic interaction between any
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two nodes in the topology. This information can be explicitly derived by deicrmining the

worst case shielding path between all susceptible nodes and all emitting nodes.

In order to accomplish this a search must be conducted. using each susceptible nede
as the root node, in order to find the worst case shielding path to all other emitting nodes.
Technically the search is performed using Dijkstra’s algorithm for this single-source
shortest path problem (see Figure 6). The discrete heuristic shielding etfectiveness levels

given in Figure 28 are converted to numbers as shown in Figure 35.

excellent SE =3.0
good SE=2.0
Sfair SE=1.5
notgood SE=1.0
. poor SE=0.5
nil SE = 0.0 --> no shielding, and

unknown propagate as unknown throughout

Figure 35 Definition of SE variable

Using the above values as distances in an interaction sequence graph, the worst case
shielding effectiveness is found. For example, in Figure 36, where only one susceptible
node exists, the worst case shielding path to the two emitting nodes is shown in bold. Thus

for this particular case the total shielding for the two interaction paths would be represented
as

total_shielding( path( v1, v4), [ ... [not-good] ... ]).
total_shielding( path( v1, v5), [ ... [good] ... ]).
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where the second argument of total_shield is an imbedded list of the shielding effectiveness
for each frequency range. Notice that although the total SE variable for path( v1, v5) adds
up to 2.5 (corresponding to slightly above the good level) the valve of good is displayed for
the total shielding. Internally though the value of 2.5 is maintair.ed for the total SE variable.

excellent, SE = 3.0

V4, emitting node

susceptible

node fair, SE= 1.5

@ Vs, emitting node

Figure 36 Example worst case shielding path for a specific frequency

During the worst case path search the individual surfaces are sorted from those with
poorest total shieiding to the best total shielding. In this way the user can tell which specific
surface i the determining factor in the total shielding for the path. In effect, the
determination of a total shielding between two ncdes which are not neighbors is the same
as imposing a shielding effectiveness constraint between these two nodes. This is similar

to the concept of slices in Sussman and Steele’s constraint language [Sussman 80].

5.5 Propagation of Electromagnetic Disturbance

Before the likelihood of failure can be determined at the susceptible nodes, a
heuristic method of propagating the electromagnetic disturbance from an emitting node to
a susceptible node must be determined. Both circuit and field disturbances will be handled
similarly and thus either disturbance will be denoted as the AF (ambient field). The ranges
defined in Figure 17 and Figure 18 are assigned a discrete numerical value as shown in

rigure 37,
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extreme AF =35;
high AF =4;

medium AF =3

low AF=2:
verylow AF=1;
nil AF =-2 --> no disturbance;

unknown (propagate as unknown throughout);

Figure 37 Ambient field discrete levels

The propagated ambient field is then determined by subtracting the to:al shielding
effectiveness of the path traversed (i.e. the SE value) from the AF value. Now. since non
integer values of SE exist (for example a shielding effectiveness of fair & SE = 1.5), it is
not always the case that after passing through a shielded path the ambient field drops a
level. This is shown visually in Figure 38 below where the ambient field is reported as the

darkest shade in a column but held internally as a non integer value.

s : : .
2 i ; 2 g &
5 Z 2 3 s £ &
R B Initial Ambient Field
! i AF after Poor SE
-1 AF after Not-Good SE
i B AF after Fair SE
: | ' S AF after Good SE
EERRRe] %) AF after Excellent SE

Figure 38 Ambient field propagation through SE
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5.5.1 Justification for Ambient Field Propagation

Setting an ambient field or disturbance attribute to a certain level over a specific
frequency range implies that there is an equal probability for the disturbance amplitude
taking on any value in the range of amplitudes covered by the level. For example, if in the
frequency range (1 MHz - 10 MHz) a disturbance level of high is specified then this
approximates the disturbance with equal probability over a 40 dB ambient field range as

shown below.

Ambient )
Field A Ambient
Ranges Field

40 dB high ||
40 dB ? medium [}

40 dB low
40 dB very-low []
-
'™ . Shleldlng
= §- = -g) E ?n Effectiveness

Figure 39 High ambient field apr-oximation propagated through good SE

If this ambient field is propagated across a poor shield (i.e. SE < 40 dB) the resulting
AF probability distribution would lie somewhere between the high level and the medium
AF level as shown above. Taking a worst case scenario this would be reported as still beir
high. Following this logic, a good shielding effectiveness (i.e. 80 < SE < 100 dB) would
bring the high AF down by at least 80 dB which means the propagated AF would be

reduced to the low level.

The above logic is efficiently modelled using the AF and SE numerical values

described previously (and summarized in Figure 35 and Figure 37) and calcvlating the
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propagated AF (denoted PAF) as PAF = TAF - TSE where TAF is the total ambient ficld
emitted by a node and TSE is the total shielding effectiveness of a path.

5.6 Likelihood of Failure Determination

Once the propagated ambient field to a node from all other emitting nodes in the
topology has been determined, it is necessary to determine the likelihood of failure of any
susceptible component. The propagated ambient fields from all the nodes are then added in
parallel using the parallel addition algorithm of Figure 23. In doing this, a trace of the
highest PAF (propagated AF) to lowest PAF is kept for each frequency range in the global
frequency range (recall thateach PAF has already been frequency normalized when the self
ambient field of each emitting node was created).

Once this has been done, the total propagated AF can be compared to the total
susceptibility of the receiving node in order to determine if an interaction problem causing
failure of the susceptible component exists. This is performed by assigning numbers to each

of the possible system susceptibility levels defined in Figure 24 as shown in Figure 40.

nil SS=8 -->not susceptible
verylow SS=5
low SS§S=4
medium  SS=3
high S§=2
extreme SS =1

unknown propagate as unknown throughout

Figure 40 Discrete system susceptibility values
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The likelihood of failure is now reported as being one of the discrete values shown
in Figure 41 for each frequency range in the global frequency range set. As can be seen
from the figure, the discrete level assigned to a frequency range is dependent on a failure
index variable denoted FI. This FI variable is calculated for a susceptible node by
subtracting the total system susceptibility of a node from the total propagated ambient field

from all other emitting nodes in the electromagnetic topology. That is:
FI = PAF - SS

and then the likelihood of failure is then assigned a value according to Figure 41.

extreme ifFI 1.5

high if0.5<FI<1.5
marginal if -0.5<FI<0.5
low if-1.5<FI<-0.5
verylow if-25<FI<-1.5

nil FI <-2.5 or associated with a
non-susceptible nodes

unknown if either susceptibility or disturbance
are unknown

Figure 41 Likelihood of failure discrete levels

If the likelihood of failure of any susceptor is too great, then parameters in one or
all of the three constraining factors must be modified at one or more locations in the
topology in order to reduce the likelihood of failure. That is, the electromagnetic
disturbance located at a node may be reduced (if one has control of the emitter), the
susceptibility of the receptor may need to be decreased, and/or the shielding effectiveness
of specific surfaces may be increased. There will usually exist more than one way to reduce

the likelihood of failure at a specific susceptor, each having its own advantages and
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disadvantage:s. This is where the *races which were developed for the worst PAF will help.
Also for the wor-t PAF the critical path is stored with a trace of lowest to highest SE thus

giving the most probable surface to enhance in the topology.

Visually it is convenient to refer to Figure 42 to understand how the likelihood of
failure is determined. Notice how the calculated FI is not uniquely determined by the
reported PAF and system susceptibility. For example a PAF reported as very-low may be
stored numerically as from -1.5 to 1.0 and produce either a nil to marginal likelihood of

failure for an extreme susceptibility. This example is highlighted in Figure 42 below.

Propagated
Ambient Field
Scale
5.0 Likelihood of
Extreme 45 Failure Scale
High gg Extreme (FI21.5)
Medium ;_(5) High (%I=1.0, 01.5)
2.0 .
Low 1.5 Margi 1l (FI=(), -().5)
1.0 % I=-1.0, -
05 : Low ( ‘I=-1.0, -1.5)
0.0
Very-Low j's Very-..ow (FI=-2.0, -2.5)
-1.0
-1.5 Nil (FI<-2.5)
Nil -2.0 || |
T System
& @& 5 @ & =  Susceptibility
€ ¢ 2 v v <«
= 2 3 £ = 2
SR
o < %
S 2 a3
>

Figure 42 Likelihood of Failure Chart
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5.6.1 Justification of Failure Index Determination

The procedure for determining the likelihood of failure described above can be
justified heuristically by an understanding of what each of the FI levels represents. Recall
that the disturbance levels of Figure 17 and Figure 18 (here referred to as ambient field
levels) as well as the su.=ceptibility levels of Figure 24 were defined to correspond to the
same power levels. Thus the ambient field ranges can be plotted on a graph of the

susceptibility levels as shown below in Figure 43.

Likelihood of Failure

for a medium susceptibility
Syst £ 3 £ S 3
ystem 'S 2 S < Propagated
Susceptibility R A~ N < Ambient Field
Ranges §|§|~§°§° SHNEHE rbtent Fie
very-low 40 dB extreme
low 40dB Y high ]
medium 40 dB e e medium [l
high  40dB e ” low
extreme 40 dB l I l I very-low []

Figure 43 Overlap of PAF ranges with SS ranges to determine FI

The likelihood of failure results fo. a system susceptibility of medium are shown
across the top of the diagram. Note that there are two ambient field ranges for each level
shown in the propagated ambient field key at the right of the figure. This is again due to the
20 dB discretization of the shielding effectiveness data. Any time there is an overlap
between the PAF distribution and the SS distribution the likelihocd of failure is said to be
high or marginal; high if the P/\F distribution overlaps above the SS distribution. When the
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PAF distribution lies totally above the SS distribution then the likelihood of failure is said
to be high or extreme depending on how much higher the distribution lies. Alternatively the
likelihood of failure is determined as low, very-low or nil depending on how much lower
the PAF distribution is than the SS distribution.

5.7  Grouping of Electromagnetic Volume Nodes

Previously it was shown how a set of rodes in a graph could be grouped together
and represented in the graph as a grouped node. Recall that not Just any set of nodes could
be grouped together but that they must form a valid grouping (see discussion about
grouping nodes associated with Figure 9 in the section Some Graph Theory Definitions and
Techniques on page 24). The advantage of grouping is that the size of the graph is reduced
markedly and all of the grouped nodes are removed from the search space when finding
worst case shielding paths. The procedure for representing the attributes of the grouped

node based on the individual attributes of the nodes being grouped is presented below.

In order for the grouped node to accurately represent the subgraph from which it
was formed it must derive its attributes from the subgraph attributes. This is accomplished
by determining the single source minimal spanning tree for the subgraph in terms of
shielding effectiveness with the cut-node as the root node. The susceptibility as well as the
ambient field attributes of each node in the subgraph are then propagated to the root node
and added i1. arallel along with the self attributes of the cut-node to form a new grouped
system susceptibility and ambient field for the grouped node.

The propagation of the individual susceptibility values is accomplished by using the
discrete system susceptibility numbers of Figure 40 and subtracting from these the total
shielding effectiveness value SE (see Figure 35) for the worst case shielding path to the root
node. The propagation of the ambient fields is performed in the same manner as discussed

previously in the section Propagation of Electromagnetic Disturbance on page 80.
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For example, Figure 44 shows a subgraph to be grouped into the cut-node v;. The

attributes of the individual nodes are also shown to the right of the figure for a specific

frequency range in the global frequency ranges. Notice that node V3 has no ambient field

while node V3 has neither susceptibility nor ambient field. The shielding effectiveness of

the individual paths is shown on the subgraph and the worst case minimal spanning tree is

highlighted

« i
N

Rest of Graph

:\_ / M d l

Rest of Graph

grouped
cut-node

Self Attributes
SS AF
w | medium
O] ©))
nil nil
6] -2)
low nil
O] -2)
high | extreme
2 e(dsx)
Subgraph to be Crouped Vs ex?f;ne " (3)um
After Grouping
_-'g Self Attributes Worst Propagated AlL.
|z | SS AF | SEwV, [SS+SE| AF-SE
Vl low | medium low | medium
@) €)) @) 3
\/2 nil nil poor nil nil
®) (-2) 0.5) 8.5 | (-2.5)
V3 low nil poor low nil
@) (-2) ©0.5) @5 | (29
V4| high | extreme | not-good |medium| high
2 &) (1.0 €)) C))
Vs |extreme| medium | good |medium |very-low
(i) 3) (2.5) 3.5 | ©53)
Parallel Addition of Auributes |G "(‘gi

Before Grouping

excellent, SE = 3.0

Figure 44 Example of grouping a subgraph in a cut-node
(attributes are shown for a specific frequency range)
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After grouping, only node V| is left witha grouped system susceptibility of medium
and a grouped ambient field of high. Notice that parallel addition effectively takes the worst
case o both attributes. Thus, even if attributes of nodes in other parts of the graph change
or even if the topology of the rest of the graph changes, the minimal spanning tree search
for this particular subgraph does not need to be repeated. Similarly, if auributes or the
topology of the grouped nodes change, the minimal spanning tree of the rest of the graph
(assuming that the cut-node is still a valid cut-node) will not change. Note that although the
minimal spanning trees of either graph components (i.e. the grouped node component or
the rest of the graph component) do not change, the likelihood of failures of the individual
nodes therein may change.

In order that information is not lost about which node might be failing when the
likelihood of failure of a grouped nodz is calculated, a trace is kept of the node in the gr¢ p
contributing the most to the grouped node susceptibility attribute. Thus, if the likelihood of
failure is determined to be high in a certain frequency range, then the trace of the
susceptibility attribute will list, in order from worst SS to best SS, the nodes contributing

to the grouped SS. Similarly a record of the worst propagated ambient fields is kept in the
form of a trace.

As an example, for the grouped nodes of Figure 44 the trace of the grouped SS
attribute would be represented as the list [Vy, Vs, V|, V3, V5] while the grouped AF trace

would be held as [Vy, V|, Vs, V,, V3]. From these traces one can immediately determine

which nodes’ SS to increase or which nodes’ AF to decrease if an interaction problem exists
within the grouped node.

Computer Tecuniques in EMI Constraint; to Characterize the EMI



Chapter 6

Implementation

The heuristic techniques and procedures described in the previous chapters have
been implemented in the form of an Electromagnetic Interaction Advisor on a Sun
Microsystem’s SPARCstation 1™ (see LoVetri ez al in [LoVetri 89] and [LoVeti 90a,b)).
The implementation consists of two main parts; a smart topology drawing tool referred to
as HardDraw (see Taylor [Taylor 90]), and an electromagneric interactions expert system
referred to as HardSys.

6.1 HardDraw: Smart Topology Drawing Tool

The purpose of HardDraw is to give the user of the software an easy way to input
the electromagnetic topology of systems. The smart topology drawing tool is implemented
on top of four existing development tools. These are: NeWS™ (see [Arden 89] and [X11/
NeWS 89]; GoodNeWS [van Hoff 89a]; HyperNeWS [van Hoff 89b); and Quintus
Prolog™ [Quintus 88]). The multiple stack interface of HardDraw runs under HyperNeWS/
GoodNeWS, which run under the Sun Microsystems Nerviork Windowing System
(NeWS™), A brief description of the GoodNeWS and HyperNeWS environments follows

in order to clarify the workings of the software implementation.
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6.1.1 GoodNeWS

GoodNeWS is a NeWS-based window interface that has been developed at the
Turing Institute in Glasgow, Scotland [van Hoff 89a]. It is written in C and PostScript (see
[Adobe 85,87] and makes use of NeWS graphics primitives. GoodNeWS provides a
complete windowing environment which includes terminal emulation, graphics drawing
tools (colour and black and white), use of captured images and a LaTeX previewer. It is an

extension of the NeWS environment implying downward compatibility with existing
NeWS software.

6.1.2 HyperNeWS

HyperNeWS is a general user interface designing tcol written in Postscript. The
programming philosophy is object-oriented and is based on parallel stacks; each stack
consisting of a number of cards. Individual objects may be created and attached to
individual cards or stacks. These objects may take the form of buttons, sliders, text, and a
number of other types including user designed buttons via the GoodNeWS drawing tool.
Messages can be passed between objects as well as between objects and a client program
running in a terminal window. There exists an interfacing capability to the C, Prolog, and
Lisp programming languages. Thus, as will be described latter, a Prolog cliext program can
be interfaced to one or many stacks running in HyperNeWS.

6.1.3 HardDraw as a Stack

The smart topology drawing tool is implemented as a stack in HyperNeWS. On the
stack, a user can draw narned electromagnetic volumes which overlap each other. The
overlapping volumes represent surfaces between the individual volumes. As the user draws
the volumes the surfaces are automatically calculated and the corresponding graphical
representation of the electromagnetic topology is created in another stack. Changes can be
made to the topology using the various drawing options provided. Also, a drawing

produced in the GoodNeWS drawing tool can be copied onto an electromagnetic volume
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thereby providing a visual queue for the volume. A stack based menu system is also used
to change the electromagnetic attributes of any of the volume nodes. This is done by first
selecting a component either on the volume topology stack or the graph stack and then
modifying the attributes via the attribute editor stack. The attributes associated with a

surface can be modified by selecting two volumes or two nodes and then using the atrribute
editor.

The above has been a very brief description of some of the capabilities of the
HardDraw tool. For further details see the preliminary document produced by Taylor

[Taylor 90]. An example of what the user’s screen would look like during a session is

shown below in Figure 45.

Figure 45 Example HardDraw session
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6.2 HardSys: Electromagnetic Interaction Expert System

Once the electromagnetic topology h~s been entered and the volume/surface node
attributes have been defined, reasoning about the possible interac.tions therein is performed
by HardSys, an expert system written in Prolog (see [Clocksin 84], [Sterling 86], and
[Quintus 88]). An object-oriented knowledge representation approach is taken based on
that of Stabler (see [Stabler 86]). A predicate was added for moditying an object’s methods.
A description of how the methodology presented in previous chapters is implemented as

objects now follows.

6.2.1 Electromagnetic Volume Nodes as Objects

Electromagnetic volume nodes are implemented as objects with methods describing
the attributes associated with the volume. Any name can be used to label an object; the
object is then referenced using node(name) as the object name. When a node is created it is
created with many methods for storirg the attributes or constraints which will be imposed.
Some of the mcthods are shown below; specific methods required to implement the
interface with HardDraw are not shown.

1) Node Identification Methods
« node_name( Name) - holds the name of the node.
» description( ' ... ') - any description the user wants to associate with the node.

+ type( internal or grouped) - whether it is a grouped node or an individual volume
node.

2) Electromagnetic Disturbance Methods

« af_components( [Self_af_components]) - holds the list of specific disturbances
(i.e. [type, sub-type]) as defined in the currently loaded knowledge base.

- af_value( [Self_af_values]) - holds the value of the self disturbance after frequency
normalization and parallel addition algorithms are applied to components in the
list of af_components.
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at_wrace( [ ... [Self_af_trace] ... ) - list of self disturbance traces, that is a list of

af_components in worst to best order for each frequency in the global frequency
range.

af_update_flag( false or true) - indicates whether af_value requires to be updated,
that is whether or not any new af_components have been added.

3) System Susceptibility Methods

ss_components( [Self_ss_components]) - holds the list of specific system

susceptibilities (i.e. [type, sub-type]) as defined in the currently loaded knowledge
base.

ss_value( [Self_ss_values]) - holds the value of the self system susceptibi - after
JSrequency normalization and parallel addition algorithms are applied to
components in the list of ss_components.

ss_trace( [ ... [Self_ss_frace] ... ]) - list of self susceptibility traces, that is a list of
ss_components in worst to best order for each frequency in the global frequency
range.

ss_update_flag( false or true) - indicates whether ss_value requires to be updated,
that is whether or not any new ss_components have been added.

4) Group Node Methods

group_components( [Group_nodes]) - the nodes belonging to this grouped node.

group_af_value( [Group_af_vaiues]) - same as af_value but holds the composite

grouped af_value for the grouped nodes.

group_af_trace( [ ... [Group_af_trace] ... ]) - the trace due to the parallel addition of
the grouped nodes total af_values.

group_ss_value( [Group_ss_values]) - same as ss_value but holds the composite
grouped ss_value for the grouped nodes.

group_ss_trace( [ ... [Group_ss_trace] ... ]) - the trace due to the parallel addition
of the grouped nodes total af_values.
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total_af_value( [Total_af values]) - parallel addition of group_af_value and
af_value lists, that is total disturbance emitted from node.

total_af trace( [ ... [Total_af trace] ... ]) - trace associated with total_af_value fcr
the node.

total_ss_value(Total_ss_value) - parallel addition of group_ss_value and ss_value
lists, that is total system susceptibility of grouped node.

total_ss race([ ... [Tot2!_ss_trace] ... ]) -trace associated with total_ss_value for
the nove.

6.2.2 Surface Nodes as Objects

In a similar way the surfaces between electromagnetic volume nodes are
represented as ~bjects. A specific surface is identified as a unidirectional connection
between two nodes in the topology. For example, the shielding effectiveness of a path from
node( v;) to node( v;) would be stored in the methods of the object called connections(

node( v;), node( v,)). Some of the methods stored in a typical connections object are shown
below.

1) Connec.ion Identification Methods

* type( link or hidden_link) - hidden if grouped into a grouped node.

¢ description( ' ... ') - any description the user wants to associate with tlie node.
2) Shielding Effectiveness Methods

* se_components( [Se_characteristics]) - holds the list of specific shielding
effectivenesses (i.e. [type, sub-type]) as defined in the currently lo~ded knnwledge
base.

* se_value( [Se_values]) - holds the value of the shielding effectiveness after
frequency normalization and parallel addition algorithms are applied to
components in the list of se_components.
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* se_trace(| ... [Se_trace] ... ]) - list of shielding effectiveness traces, that is a list of

se_components in worst to best order for each frequency in the global frequency
range.

< se_update_flag( true or false) - indicates whether se_valce is required to be
updated, that is whether or not any new se_components have been added.

6.2.3 Spanning Tree Calculations

The minimal spanning tree can be calculated for any or all nodes defined in the
electromagnetic ropology. Recall that the minimal spanning tree for a root node must be

calculated tor all frequency ranges in global frequency range set and will, in general, be
different for each frequency range.

The search is performed for each susceptible node. That is, each node for which ihe
total system suscepiibility is not unknown, using Dijkstra’s algorithm as given in Figure 6
on page 28. The algorithm searcies the graph in order, starting with the nodes with worst
shielding effectiveness from the root node. The search is stopped when one of the two goals
shown below in Figure 46 has been achieved.

1) AllthS nodes left in the search space do not have ambient fields associated
with them. That is, they are not emitting nodes, and thus they will have no effect
on the likelihood of failure of the root node;

2) or when the total current shielding in the search has produced a SE 2 10, thus
the next node search will have an SE of at least 10 from the current root node.

Figure 46 Two heuristics to stop the MST search

For example, using the first heuristic, if oniy one emitting node exists in the
topology then the search only has to proceed until the shielding effectiveness to this node
has been determined. The second heuristic provides for the concept of neighborhoods to be

introduced; any nodes with a shielding effectiveness of less than 10 to a root node are said
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to be in the neighborhood of the root node. Thus, when a change is made in the topology
attributes, knowledge about the nodes which will be affected by this change can be
immediately determined by knowledge of the nodes included in the neighborhood where
the change took place. In this way the search ime can be greatly reduced.

The minimal spanning tree information is also stored as an object referenced as

spantree( environment) where environment is a predicate of the form:
+ environ{ Rcot, Frequency_range) - where Root is the root node of the tree and
Frequency_range is a frequency range in the global frequenc;’ range list.

Some methods associated with this object are:

+ type( tree) - specifies that this is a minimal spanning tree.

« description ( ' ... ") - for future use to hold the conditions under which the search
was performed.

+ tree_vertices( [Nodes]) - list of nodes in the minimal spanning tree

« tree_edges( [Connactions]) - list of connection objects which make up the edges
of the tree.

With this representation it is easy to access information about any minimal spanning tree
calculations which have been performed.

6.3 Future Implementation Issues

Speed is the major concern at the present time. The knowledge representation
scheme used herein is general enough to make incremental modifications to the methods
ased. Techniques such as keeping information used in previous searches to speed up new
searches required when changes are made to the topology can be implemented in the
current knowledge representation scheme. For information regarding some recent research
on these techniques see the work by Ahuja [Ahuja 90] and Dechter [Dechter 90].
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Chapter 7
An Application: Helicopter EMI

7.1 NEMP Hardening of Typical Helicopter

The EMI prediction concepts discussed in the previous chapters were applied to
data obtained for a typical helicopter (see LoVetri et al [LoVetri 90c]). This was done in
order to validate the paradigm established herein for the approximate understanding of
electromagnetic interactions. The use of the topological approach helps also in defining a

general view of shielding and filtering requirements at the design stages of a project.

7.1.1 Specific Electromagnetic Topology Used

The topology of the helicopter was decomposed into basic surfaces: the aircraft
skin; the equipment shield; and the interconnecting cables. The data obtained pertaining to
the electroinagnetic topology was coarse since the helicopter design was at the initial
stages; that is, contractor specifications were in the process of being written. These design
specifications include EMI/JEMC requirements for each sub-component in the helicopter.
Thusit is at this stage that one would like to try different hardening approaches to the design
of the complete system. The specific topology used is shown below in Figure 47. The
associated bipartite graph is shown in Figure 48. Note that in Figure 48 the circuit nodes
are shaded while the field nodes are not. The smaller solid nodes represent the surfaces
where the shielding effectiveness data is stored.
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Figure 48 Equivalent bipartite graph for helicopter topology
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7.1.2 Electromagnetic Disturbance

The major electromagnetic disturbances which were of concern were the nuclear
and lightnirg electromagnetic pulse (NEMP and LEMP) as well as isolated continuous
wave microwave threats located in the ambient field volume of Figure 47. A similar
ccrubination of threats was used by Podgorski as a composite threat (see [Podgorski 9Val)
to describe the external electromagnetic threat produced by a combination of lightning,
NEMF, und microwave threats (note that Podgorski adds the individual threats with units
of [V/m] which he obtains by multiplying with frequency). The data for the individual
threats was entered individually into HardSys which in turn constructed the composite
threat based on the parallel addition and frequency normalization procedures previously
described. The individual threats used are shown below in Figure 49. The global frequency
range set used can also be seen in the figure.

Gmbient Field Node>

NEMP Threat
f <3 MHz -> high Total Ambient Field
3 MHz < f < 3 GHz-> medium f < 100 Hz -> high

3GHz <f <30 GHz -> low

100 kHz < f < 1 kHz -> high
30 GHz < f -> very low

1 kHz < f < 10 kHz -> high

10 kHz < f < 100 kHz ->high

100 kHz < f < 1 MHz ->high

1 MHz < f < 10 MHz ->high

10 MHz < f < 100 MHz ->medium
100 MHz < f < 1 GHz ->medium

Frequency

Lightning Emission (1 km) Normal

f < 100 kHz -> medium

100 kHz< f < 400 kHz -> low Parallel
400 kHz < f < 1 GHz ->very-low Addition
1 GHz < f -> nil

f <9.999 GHz -> nil 10 GHz < f < 100 GHz ->extreme
9.999 < f < 10.001 GHz -> extreme 100 GHz < f -> very-low

10.001 GHz < f -> nil

Figure 49 Approximation of the electromagnetic threats used
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Notice that, although the frequency ranges are quite fine, they produce some bad
approximations in the 1 GHz to 100 GHz range due to the microwave threar at 10 GHz.
Ideally, a finer frequency range should be used in this area. Of course, if this produces a
high likelihood of failure then the traces available in the system would reveal this coarse
approximation; if no high likelihood of failure was produced then one can be assured that
a worst case approximation has been taken and further frequency refinement is not

required.

Now although a single ambient field is propagated the trace of the parallel addition
provides the information about which of the three fields is the determining factor in a
certain frequency range. Each threat can be deleted individually in order to determine a new
likelihood of failure at the susceptible nodes, thus providing information about what the

susceptible node will withstand in terms of disturbance before failure.

7.1.3 System Susceptibility

Information obtained for the susceptible systems of the helicopter were converted
into a representation which HardSys could handle. This information consisted of the
specific technologies used in each subcomponent in the helicopter. Sensitivity analysis of
the analogue and digital circuits was based on analysis of MOS and TTL technology
respectively (see [McDonnel 78)). As for the case of the ambient fields, the susceptibilities
for each node were entered individually and HardSys determined the composite

susceptibility at each node.

For example, the power supply was assumed to consist of TTL, analogue op-amps,
and comparator type electronics. The susceptibility for each of these was taken from the
knowledge-base and combined to produce a single total susceptibility for the power supply

node. This procedure is shown fer the electronics node in Figure 50.
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electronics node
ss components:
TTL
CMOS
line-driver-receivers
k analogue op-amps
TTL SS
f < 7UC MHz -> high
700 MHz <t < 10 GHz-> medium Total System Susceptibility

10 GHz < f < 100 GHz -> low
100 GHz < f -> nil

CMOS SS
f < 10 GHz -> medium
10 GHz< f < 100 GHz -> low

100 GHz < f -> nil ,:>
Line-driver-receiver SS

f < 100 GHz -> medium
100 GHz < f -> nil

f < 100 Hz -> extreme

100 kHz < f < 1 kHz -> extreme

1 kHz < f < 10 kHz -> extreme

10 kHz < f < 100 kHz -> extreme
100 kHz < f < 1| MHz -> extreme

1 MHz < f < 10 MHz -> extreme
10 MHz < f < 100 MHz ->extreme
100 MHz < f < 1 GHz ->extreme

Analogue op-amps SS 1 GHz < f < 10 GHz -> high
f <1 GHz-> extreme L 10 GHz < f < 100 GHz -> medium
1 GHz < f < 6 GHz -> high 100 GHz < f -> very-lo w

6 GHz < f < 10 GHz -> medium
10 GHz < f -> very-low

Figure 50 System susceptibility for electronics node

As can be seen from the above figure the determining factor in almost all of the
frequency ranges is the system susceptibility for the analogue op-amp. Thus a means of
isolating this device in the case where the likelihood of failure for the node is not acceptable
is to create a node for the op-amp itself. Physically, this may consist of placing the op-amp
circuitry in a module of its own with its own shielding surface. In this manner, as long as
the likelihood of failure due to the other components in the electronics node is acceptable
no further shielding would be required on the electronics node. This may produce a savings

in either weight or cost; both very important for this type of system.
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7.1.4 Shielding Effectiveness of Surfaces

The shielding properties of the helicopter shell and equipment cabinets with the
associated cabling were also entered in the appropriate form.The shielding effectiveness of
the helicopter skin was assumed to be negligible above 10 GHz and drastically reduced by
large windows and doors below 10 MHz. The SE of the external ambient/antenna path was
assumed to be nil in the HF and UHF bands while set to excellent outside these bandwidths.
The coupling to the printed circuit boards was based on an average size printed circuit
board of 1x1 ft.2and assuming short connector runs. For example, the SE from a field node
to a circuit node was approximated by that of a half-wave dipole as given by equation (4.31)
and equation (4.32). As was discussed in Section 4.4.1.3 on page 68, this approximation
has been found to be good for frequencies ranging from 100 MHz to 10 GHz (see
McDonnel Douglas report [McDonnel 78]). For lower frequencies a maximum effective
aperture of A, = 1 is appropriate.

For the case of coupling to shielded cables, a transfer impedance can be defined
which relates the differential-mode voltage produced on a cable to the current induced on
the surface of a shielded cable by an external electromagnetic field (see Smith [Smith 77)
and Vance [Vance 78]). The transfer impedance is a function of frequency @ = 2xf and the
cable geometry. If the transfer impedance is denoted as Z,(w) then:

dV(z, 0) = Z(®) X I(z, w)dz 7.1

where I(z, w) is the shield current at position z along the cable and V( z, w) is the voltage
induced inside the cable. Analytical expressions for Z,(®) and I(z, ®) can be found in many

publications such as [Smith 77] and [Vance 78]. A comparison between experimental and
analytic predictions has been done by Guo [Guo 86] where plots of the induced voltage at
a load connected to a coaxial cable cue to an incident electric field for both experimental
and analytic cases are provided. Results were given for a 4m length of RG-58C/U coaxial
cable above a finite ground plane. From these plots, approximate data can be derived for
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use in the HardSys knowledge-base. Two sets of data for a short (2m) and a long (4m) cable
are shown below in Figure 51.

Shielding Effectiveness for Cabhles

Short Cable (2m) Long Cable (4m)
f <50 MHz -> good f <25 MHz -> good
50 MHz < f < 55 MHz-> poc - 25 MHz < f < 30 MHz-> poor

55 MHz < f < 150 MHz -> good

150 MHz < f < 155 MHz -> poor
155 MHz < f <250 MHz -> good
250 MHz < f < 255 MHz -> poor

30 MHz < f < 50 MHz -> good
50 MHz < f < 55 MHz -> poor
55 MHz < f < 75 MHz -> good
75 MHz < f < 80 MHz -> pcor

255 MHz < f < 350 MHz -> good
350 MHz < f < 355 MHz -> poor
355 MHz < f < 450 MHz -> good
450 MHz < f < 455 MHz -> poor
455 MHz < f < 550 MHz -> good
550 MHz < f < 555 MHz -> poor
555 MHz < f < 1 GHz -> fair

1 GHz < f < 10 GHz -> good

10 GHz < f -> excellent

80 MHz < f < 100 MHz -> good
100 MHz < f < 105 MHz -> poor
105 MHz < f < 125 MHz -> good
125 MHz < f < 130 MHz -> poor
130 MHz < f < 150 MHz -> good
150 MHz < f < 155 MHz -> poor
155 MHz < f < 1 GHz -> fair

1 GHz < f < 10 GHz -> good

10 GHz < f -> excellent

Figure 51 Approximations for cable shielding

As can be secen from the above figure resonances occur in the shielding
effectiveness of the finite length cables. Of course, unless a sufficiently fine global

frequency range is used, these resonances will be spread out over a larger frequency range.

As well as the above mentioned shielding paths, other shielding characteristics such
as for honey-comb cooling vents, power-line filters, viewing screen filters (for the console
monitor) and other typical shielding components were used to fill the attributes of each
surface node. The intent here is not to come up with precise approximations for all path
attributes but to include a sufficient number such that the usefulness of the software can be

determined. More wide ranging data can be collected in the future.
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7.1.5 Results and Software Performance

HardSys provides the critical path through the topology for each susceptible node;
this is the path which causes the greatest likelihood of failure for a node. In the present case
there are five critical paths from the external ambient node to the five susceptible nodes.
These are highlighted on the HardDraw graph stack. For example, in the 10 MHz to 100
MHz frequency range the worst case path from the external ambient to the electronic
circuits in the bay area is highlighted (in bold) in Figure 48. This path caused a marginal
likelihood of failure in the 10 MHz to 100 MHz frequency range. Other globai frequency
ranges would produce different critical paths.

As well as the graphical information, HardSys outputs the likelihood of failure in
tabular form over the global frequency ranges. An example of the itkelihood of failure for
the electronics node is shown below.

Frequency Range Failure Risk Frequency Range Failure Risk
>0 Hz to 100 Hz low 10MHzto 100 MHz  marginal
100 Hzto 1 kHz very_low 100 MHzto 1 GHz marginal

1 kHz to 10 kHz very_low 1 GHz 10 10 GHz very_low
10 kHzto 100 kHz very_low 10GHzto 100GHz  very_low
100 kHzto 1 MHz very_low  >100 GHz nil

1 MHzto 10 MHz  very_low

Figure 52 Tabular output of likelihood of failure information

The program took only about 5 minutes of CPU time per susceptible node to
complete the search, which is reasonably efficient considering this graph contains 20
volume nodes and 70 surface nodes (2 times 35 directional nodes).
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Chapter 8§

Conclusions and
Future Plans for the EMI Advisor

Work on the Electromagnetic Interactions Advisor is ongoing in order to bring it
to the level of a usable commercial software tool. The future plans in this development can

be described as falling under three categories:

1) knowledge representation and search technique enhancements;
2) user interface enhancements; and
3) knowledge acquisition and validation.

The search technique used thus far is the theoretically most efficient (see Ahuja
[Ahuja 90]) although implementation techniques to improve efficiency can be applied. For
example, automatic grouping of nodes by the advisor is a possibility to be examined. Such
a technique, called cut-set decomposition, has been studied by Rina Dechter {Dechter 90].
Changes in the knowledge representation may also yield better search times.

Currently the advisor works in the analysis mode, tnat is, the physical topology
along with the associated node attributes are first entered and the system then determines if
any interaction problems exist. In the design mode the advisor would be given some global
constraints to satisfy and it would be free to choose or design the system within these

constraints. For example, a global constraint may be a weight and cost limit. The system
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would then choose subcomponents from a database with each having unique cost and
weight attributes as well as system susceptibilities and electromagnetic emissions.
Shielding components may also be chosen in a similar way. Of course, in such a process,

more than one solution would exist; thus heuristic guided design would be appropriate.

The user interface, HardDraw, will be enhanced in terms of better menus and easier
creation of electromagnetic topologies. For example, presently the topology can only be
created and modified on the volume topology stack. In future versions modification of the
topology should be possible on the graph stack. User interface is important in the
acceptance of any software tool — if it cannot be used easily it will not be used.

Knowledge acquisition is the problem of how to acquire accurate EMI data from the
many sources avaitable (see for instance the six volumes of White [White 73]) and how to
categorize it so that it can be presented to the user in a logical and efficient manner.
Validation of the knowledge base, once created, is a process which will take many years
and will only be accomplished by the EMI community’s acceptance of the tool; for it can

only be validated on practical systems.

The concepts used in the advisor are fundamental to all electromagnetic interaction
phenomena and thus HardDraw and HardSys as educational tools can be very instructive.
Hopefully the art of electromagnetic hardening will be better understood, for in the future,
its importance in our technologically based world will grow.
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Algorithmic
Techniques

In this part algorithmic techniques for solving electromagnetic
interaction problems are investigated. Numerical methods for solving
partial differential equations have progressed very rapidly in the past
twenty years; not only in the field of electromagnetics, but also in other
applied fields such as computational fluid dynamics. Computers and
software capable of implementing these procedures have also advanced.
Furthermore graphics software for displaying the computed results are
readily available on most computer systems. These tools make the

visualization and the understanding of the electromagnetic physics easier.
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Introduction to Numerical Methods

The physical phenomenca of electromagnetic interactions is described by
Maxwell’s equations. These equations can be expressed in a variety of mathematical forms,
each having its own advantages and disadvantages. For example, they may be formulated
as a system of partial differential equations over space and time domains or, as is often done
in the engineering literature, the partial differential equations may be immediately cast in
the frequency domain by assuming time harmonic excitations (see [Harrington 61]). Time
domain responses are then calculated by a linear superposition of the individual harmonic
solutions. Other formulations consist of defining vector and scalar potentials which are
related to the electric and magnetic fields by some vector differential operators (see
[Stratton 41]). Still others make use of integral relations, in either time or frequency
domains, for either potential fields or the electric and magnetic fields directly. These
usually result from using the integral form of Maxwell’s equations or solving the
differential equations analytically for some fundamental sources, in the form of a Green’s
function, and then formulating integral relations for the general source problem using the
Green’s function (see [Tai 71] and [Eyges 80]).

Once the equations have been formulated, many algorithmic techniques exist to
produce the required solution. Finite difference and finite element methods (i.e. including
the method of moments) form the majority of these techniques for all the different types of
formulations encountered (see [Lapidus 82] and [Mitchell 80]). Depending on the chosen
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formulation each algorithmic method has its own advantages and disadvantages. Issues

which arise in the use of numerical techniques are accuracy of the resulting solution, as

well as efficiency and stability of the algorithm (especially for time domain problems). In

general, no one algorithm is robust enough to account for all the physical and formulation

variations encountered in solving electromagnetic field problems. Therefore, it is prudent

to have an understanding of a variety of algorithms.

Practical issues such as memory requirements, efficiency, and overall speed of

calculation are also of concern when nume.ical methods are implemented on a computer.

Also, to allow easy study of interaction phenomena, the output from a numerical method

must be presented in some visual form (i.e. using graphics software). A summary of all

these concerns is depicted in Figure 53.

Physical
Interaction
Problem

Physical
Understanding
of Interaction

) Numerical Computer
Formulation Algorithm Implementation|
A > <&
Maxwell’s | |Discretization
. Hardware
Equations of Domain
Mathematical| | Accuracy Language
Stability
Iﬂanipulations' Efficiency Software
Resulting User
Formulation Interface

Figure 53 Numerical methods issues
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In the following chapters, an investigation is made of current numerical techniques
based on the differential form of the time domain Maxwell’s equations. Time-domain finite
difference techniques based on Maxwell’s equations written in conservation law form are
implemented. The code is written in the C language and runs on a Sun workstation. Results
are shown for the electromagnetic fields associated with plane wave propagation which
varies in time. A comparison is made between different methods of formulating the finite
difference forn: of the partial differential equations.

A two-dimensional time-domain application of a general finite element
mathematical package, IMSL:PDE/PROTRAN (see [PDE 86], [Sewell 85]), is also
considered. The software runs on the IBM 3090 main frame computer. A two-dimensional
shielding problem is formulated via the magnetic vector potential. Results are presented in
the form of vector plots.
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Chapter 10

Maxwell’s Equations

In the most general terms, macroscopic electromagnetic phenomena are described
by Maxwell’s equations which are partial differential equations relating the five vector
fields E(x, t), D(x, t), H(x, t), B(x, t), and J(x, t), as well as one scalar field p(x, t). These
are most easily stated in differential form as (see [Stratton 41], chapter 1)

VXE = —(g—?), (10.1)
VxH = (g?) +J, (10.2)
V'J=_(g£:)' (10.3)

where: E(x, t) is the electric field intensity with units of volts/meter,

H(x, t) is the magnetic field intensity with units of amperes/meter,
D(x, t) is the electric flux density with units of coulombs/meter2,
B(x, t) is thc magnetic flux density with units of webers/meter?,
J(x, t) is electric current density with units of amperes/meter2, and

p(x, t) is the electric charge density in units of coulombs/meter’.
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Although Maxwell’s equations are most easily stated in the above differential form
they are more general when expressed in integral form where the differentiability of the
fields is not required. In other words, equations (10.1) to (10.3) require that the fields
represented by E(x, 1), D(x, t), H(x, 1), B(x, t), and J(x, t) be continuous functions of space
and time, and that the scalar field p(x, t) be continuous in time. The integral forms are

- _d .
§(E-dl) = _E(I(B n)ds), (10.4)
C S
- d
§(H~dl) = d—t(j(n-n) ds) +1, (10.5)
C S
and
. - _d - _4Q
i(J n)ds = dt(“[pdv) =3 (10.6)

where Q(t) is the total charge in the volume V enclosed by S, I(t) is the total current passing
through the surface S, C is the contour enclosing the surface S, ds is the surface element of
the surface S, dv is the volume element of V, and dlis the vector line element in the direction
appropriate for a right-handed system with the surface normal n. These are more general
than the differential form and in fact, it is this form which was originally formulated as the
result of experimental evidence. These experimental laws are Faraday’s law (equation
(10.4)), Ampere’s law (equation (10.5)) to which Maxwell added his displacement current
dD/dt, and the continuity equation (equation (10.6)).

To the above equations are added the constitutive equations and Ohm’s law. The
constitutive equations relate D to E and B to H, while Ohm’s law relates J to E. These are
stated as

D = €E, (10.7)
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B = uH, (10.8)

and

J = oE. (10.9)

where €(x, t) is the permittivity, p(x, t) is the permeability, and G(x, t) is the conductivity

of the medium. These quantities are tensors, which relate two vectors.

Thus equations (10.1) to (10.3) or equations (10.4) to (10.6) along with equations
(10.7) to (10.9) form a set of 16 independent equations, while the vector functions E(x, t),
D(x, t), H(x, t), B(x, 1), J(x, t), along with the scalar tunction p(x, t) are the 16 unknowns
which can be solved for.

From equations (10.1) to (10.3) the familiar divergence equations can be derived.
These are

V-D = p, (10.10)
V.-B=0, (10.11)
orin integral form,
ff(D’“) ds = J:pdv = Q, (10.12)
S
§(B-n)ds =0, (10.13)
S

where equation (10.12) can be recognized as the Gauss law. These equations are dependent
on the previous and will not be required.
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Hyperbolic Systems of Conservation Laws

The mathematical theory involved in solving hyperbolic systems of conservation
laws is fundamental in many areas of the physical sciences. A concise exposition of this
theory for one dimensional systems was given by P. D. Lax [Lax 73]. The equations of fluid
dynamics can be cast as a system of hyperbolic conservation laws. In fact, much of the
mathematical theory of fluid dynamics has resulted from work in the area of hyperbolic
systems. Some of the fundamental concepts and relations of this theory will be given here
with the goal of applying the methods to Maxwell’s equations. For other more complete
discussions see Lax [Lax 73], Courant and Hilbert [Courant 62] and Garabedian
[Garabedian 64].

11.1 Hyperbolic Conservation Laws

Conservation laws state the physical principle that the rate of change of the total
amount of substance, say u( x, t) = (u!( x, t) ... wi( X, t) ... u( x, t))T, contained in a fixed
domain V is equal to the flux of that substance, say f = (f!( u) ... fi( u) ... f( u))T, across

the boundary of V (i.e. §) with outward normal n. This can be stated in integral form as

§(fi-n) ds = —%J:ujdv.j =1,...,n, (11.1)
S
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where ds is the surface element of S while w and f) are components of {u} and {f} which

are column vectors of length n. Thus equation (11.1) represents a system of n conservation
laws.

At a point where all partial derivatives of (u}and {f}are continuous, the divergence

theorem can be applied in order to obtain the differential conservation law

w+V.-f=0;j=1,..,n. (11.2)

If £l has spatial components given by f = E'X + F'§ + G'Z, then equation (11.2) can be
written as

J -— —
wtys tas ty = 0,j=1,...,n. (11.3)

This can also be written as a first order system of quasi-linear partial differential equations
given by

ut+zAiuxi =0, x = (X, X X3) (11.4)
X

where A; = V.f; are the Jacobian matrices associated with each flux f; in the coordinate
direction x;. The above system is hyperbolic if each matrix A;( u) is diagonalizable and has

real eigenvalues over the range of u.

11.2 Formulation of Maxwell’s Equations in Conservation Law Form

The motivation for the study of conservation laws is that it can be easily shown (see
[Shankar 89, 90],[Mitchell 80} pp. 180-181) that Maxwell’s equations (10.1) - (10.2) and
the constitutive relations, equations (10.7) - (10.9), can be written in the form of equation
(11.3). In this form, the solution vector (u} is given by
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T
BX DX B
{uix,} = B,|D,|| = [D] (11.5)
B, DzJ
and the flux vectors {E}, {F}, and {G} are given as
. - _-T
0 0
—Dz Bz a ~
{Ex,n} = || (| (@) | = |*xE = %xeD | g4
B -xxH -XxxmB
(=) (=)
- 8 - - ll —
r - _-T
ey (B
3 m . n
{Fx,n} = || o 0 = [Y,"E] = [X"en], (11.7)
_D B -y xH -yxmB
__( : )- _(_E)__
- o _-T
-D B
—81) (—u!) ) R
{Gix,n} ={| D -B = |2xE| _ | ZxeD | 4
(=) || (=) -zxH -zZ2xmB
€ m
- 0 - d 0 -

In order to represent the current density term J( x, t) in equation (11.3) a source term
needs to be added (see [Shankar 89, 90]),

. JdF} oF G} Co.
J + + =8 =
u‘+5_x B—y 32 N 1,...,n, (11.9)

Compuser Techniques in EM! Hyperbolic Systems of Conservation Laws



— Page 118
—Part2

where

0 0
{S&x, 0} = {|g = [ . (11.10)
-J
0
It can be easily checked that equation (11.9) represents Maxwell’s curl equations. The
divergence relations, equations (10.10) - (10.11), will be automatically satisfied as long as
they are satisfied by the initial conditions.

11.3 Systems in One Space Dimension and Time

A hyperbolic system of conservation laws in one space dimension is written as

u+f =0 (11.11)

or in quasi-linear form as

u+Au, =0 (11.12)

where u is a column vector of size n and A is an nxn Jacobian matrix of the flux f. The

eigenvalues are real since the system is hyperbolic and it is assumed that they can be written
in ascending order as

AMSA S A, (11.13)

n

with ry and I being the right and left eigenvectors corresponding to the eigenvalue Ay. In
general, the eigenvalues are a function of the solution vector u. If the k'™ eigenvalue Ay is

a nonconstant function of u and if the gradient of A, is not orthogonal to ry, then the k%

field is said to be genuinely nonlinear. This can be succinctly written as
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ro- Ve, =1, (11.14)

where ry has been normalized in order to make the right hand side of equation (11.14) equal

to 1. If this is not the case then the k™ field is said to be linearly degenerate, that is

re- Vuk, = 0. (11.15)

It can be shown that across a surface s( t) where the solution vector is discontinuous,
each of the n conservation laws defined by equation (11.11) must satisfy the Rankine-

Hugonoit jump relation given as

S[y] = [fil. (11.16)

In the above equation, S denotes the speed of propagation, S = $(t), of the discontinuous
surface s( t). The square brackets denote the jump in the quantity, that is [g] = gg - g where

8Rr and gy denote the value of the quantity on the right and left side of the discontinuity.

In the x-t plane there exist n characteristic lines, denoted I'j, defined by the ordinary

differential equations

dx .
rj(—af = ?»j, J=1..,n, (11.17)
In general, the waves described by the conservation laws propagate along these

characteristics and thus they form part of the solution procedure for the equations.

Since discontinuous solutions or, in general, non differentiable solutions exist for
the solution vector u the equations are solved for the class of generalized functions. In order
to achieve uniqueness of solution for this class P. D. Lax (see [Lax 73]) proposed that the
solution must satisfy the so-called entropy condition. This condition is written as the pair

of inequalities
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A (up) > S(t) > A (uyg), (11.18)

Ao (u) <S@M) <A, (up), (11.19)

for some k, 1 < k£ < n. This condition is sufficient to guarantee that the solution to the
conservation law, given unique initial values of u, is unique. Since the eigenvalues have

been assumed to be ordered, the above inequalities may be combined to yield

M) €A,u)<... < A _(u)<S)< A (uy), (11.20)

A (ug) <S(t) <A, (up) < A o(UR) S L. S A (ug), (11.21)

which imply that n+1 of the 2n characteristic lines on either side of the discontinuity
intersect the discontinuous surface s( t). The discontinuous surface s( t) for which the

entropy condition is satisfied is called a k-shock.

Now if the k field is linearly degenerate then equality holds in equation (11.18) and

the speed of propagation of the discontinuous solution is S( t) = A;( u) which when put in

the Rankine-Hugonoit jump relation produces

A lud = [f]. (11.22)

Now, via a theorem due to P. D. Lax, there is a path connecting uy to ug through

intermediate constant states separated by k-waves [Lax 73] (see also Osher [Osier 82} and
Harten [Harten 83]). If each of the k-waves are linearly degenerate then equation (11.22)
may be used to represent the solution vector at the end points of each path. This is the
approach taken to solve the linear Riemann Problem. That is, equation (11.12) with initial
conditions

u,x<0

ux,0) = .
*0) {uR,x>O

(11.23)
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11.4 Maxwell’s Equations in One Space Dimension and Time

It is useful to study solutions of Maxwell’s time domain equations in one space
dimension in order to understand certain properties which they exhibit. If it is assumed that
the solution vector u( x, t) is independent of the x an< y space directions (i.e. u = u( z, t))

then Maxwell’s equations can be written as

. i
u{+g£z3 =8 j=1,..,n (11.24)

which form the four systems of partial differential equations

dD, ¢
aBz--O 11.26
3% - (11.26)

3 (11.27)
y : —
m +?zi.er) =0
i, 3
ai "&(me) = —CGDy
(11.28)

wheree = 1/eand m = 1/,
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In a homogeneous isotropic medium, solutions to equation (11.25) can easily be
obtained as an exponentially decaying field with initial value being given. That is, if the
initial field component D,(z, t=0) = D,(z) then equation (11.25) has the solution

D,(z,t) = D,y(z)e™*" (11.29)

fortimest> 0.

Solutions to equation (11.26) can also easily be found as any function of space
which is constant in time. Thus if initially (at time t = 0) a magnetic field B, = B,(z) is given

then this field distribution will stay constant in time.

The final two equations governing electromagnetic waves in one space dimension
are s:milar in form, thus only equations (11.28) will be considered. These equations will
now be solved for the non-dissipative case of 6 = 0 by the method of characteristics and
for the case where ¢ > 0 by the Laplace transform method.

11.4.1 Wave equation in a non-dissipative medium (c = 0)

In a homogeneous region of space the system of equations (11.28) can be written as

u+Au, =0 (11.30)
where the matrix A is given by
—)
A= [0 "‘J (11.31)
-e 0

and u is the column vector u = {D B}T where here D and B represent Dy and B, of

equations (11.28). The system of equation (11.30) can be diagonalized by pre-
multiplication with the matrix T where
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T=|2 2 (11.32)
1 ¢
2c 2
with corresponding inverse
T! = [m C] (11.33)
c —

where c? = me. Thus it can be easily shown that TAT != diag(A;) = A where A; are the

eigenvalues of the matrix A, that is

diag (A) = [‘0"2] = A (11.34)

Before pre-multiplication with T, the substitution u = T-lv where

D_.B

v=Tu = [v‘] = |2m  2c (11.35)
vy D_B
LZC 2e

is made in equation (11.30). If e and m are constants in time as well as the region of space
being considered then this substitution produces

vi+Av, =0 (11.36)

which represents a set of two uncoupled partial differential equations in the characteristic
variables v. '

In order to solve equations (11.36) it is convenient to use the fact that both equations

are of the form
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v .oV _
3 +}\.$ =0 (11.37)

which is equivalent to the pair of simultaneous ordinary differential equations (see Ince
[Ince 56))

dt dz dv
T = T = _O_ (11.38)

which produces dvy = 0 on the characteristic line defined by

dz
I‘l <—d—t = —C (11.39)

and for the second equation, dv, = 0 on the characteristic line defined by

I, =c. (11.40)

In regions of homogeneous permittivity and permeability I'} and I'; represent straight lines

with negative and positive slopes in the z-t plane, respectively. These are shown below in
Figure 54.

Figure 54 Characteristic lines for wave equation
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Now if initial conditions are imposed on u at time t = 0 (i.e. along the z axis) then

the corresponding initial conditions will define v as

Vo = V(z,0) = Tu(z,0) = Tu, (11.41)

where T is given in equation (11.32). Solutions anywhere in the z-t plane can be found by

the fact that v; and v, will be constants along each characteristic line I'y and I'

respectively. That is, at any point ({, t) in the z-t plane v; and v, can be written as

V16, 1) = vig(§+c1) (11.42)

vy(§, T) = vy(E —c1) (11.43)

where v, represents a left moving wave and v, a right moving wave. Thus from equation

(11.33) D and B can be determined at any point ({, T) as

D(L, 1) = mv,y({+c1) + vy —c1) (11.44)
B, 1) = cvp(§+c1) - ev20(§ —c1) (11.45)

and finally in terms of the initial conditions Dy and B as
1 1 /e
D, 1) = 5 (Do(g +ct) + Dy(g —c1)) + 3 A/; (Bo(g +ct) =By —c1)) (11.46)

1
B, 1) = 5 (Bo(E +ct) + By(g —c7)) + %Jg (Dg(§ +ct) =Dy(E —c1)) (11.47)
where equations (11.41) have been used.

It should noted that the above equations are valid even if the initial data is
discontinuous. Thus an initial rectangular pulse breaks up into two rectangular pulses of
one-half amplitude; one travelling along the negative z-axis and the other travelling along
the positive z-axis.
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The interesting point about the form of the solution given by equation (11.46) and
equation (11.47) is that they can easily be applied over a discretized z-t space. Again
assuming that the space is homogeneous it can be discretized with the indices (j, n) denoting
the point (jAz, nAt). Now as long as the ratio Az/At = ¢, then the field at any point (j, n) can
be calculated exactly from the initial distribution D} = D¢(jAz) and B} = By(jAz) by the

equations

n 1 n 1
Di“zi[ D!, , + D} l)T\/Y(BJ+l B_)) (11.48)

NI —

Bt = 4 B emry + B ooy, -mp ) (11.49)

where D} = D(jAz, nAt) and B} = B(jAz, nAt).

Thus far it has been assumed that the z-t space where the initial electromagnetic
disturbance occurs is homogeneous, that is € and [ are not functions of time nor space. If a
discrete boundary exists separating the space into a region 1 and a region 2 with
permittivity and permeability given as €], i} and €, [, respectively, as shown in Figure

35, then the equations derived thus far are invalid and equation (11.28) cannot be written

as equation (11.30).
Region 1 TN €, Mo Region 2
~<&— Boundary s 5
- L
z=*| z=A z

Figure 55 Region with abrupt boundary
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If the boundary is described by the surface s( t) = constant, then the Rankine-
Hugoniot jump relation for the boundary is written as
-S[wW]+[f] =0 (11.50)

where S = §(t) is the speed of propagation of the discontinuous surface and f denotes the

corresponding flux. For the present case f = {-mB -eD}T and since the discontinuous
boundary is stationary, S =0 and the jump condition becomes
[fil] =0. (11.51)

For the one-dimensional Maxwell equations this produces

mB,| _ [Hy| _ {Hy _ |mzBy (11.52)
elDl El E2 ezDz

These are easily recognized as the standard boundary conditions between two
regions of space (see Stratton [Stratton 41]). Thus in homogeneous regions equations
(11.30) apply while at points of discontinuity equations (11.52) apply.

Region 1 €Ly A €2, Ho Region 2

Tt=At I

r : ,-". Fl
Nt=Au2

. 2 <er

o r
- o —
z=1z z=z*lz=2" 2=z z
<«—— Boundary Sy,

Figure 56 Characteristic theory for boundary probiem
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In the presence of a boundary the characteristic lines I'; and I'> defined by

equations (11.39) and (11.40) can be drawn in the z-t plane as shown in Figure 56. Note
that the characteristic lines are products of the differential equations and therefore must

stop at a discontinuous boundary where the jump condition applies.

Denoting the solution as uj atz = Zjinregion l and vy, atz= Zj,1 in region 2 and
ul, uf atz =z« and z = za respectively then the condition that v} is constant on I} and vi

is constant on I'} produces the equations

1
. _.1 . Dj B DI Bl
2mj 2cj 2mj 2cj

D? B2 D? B?
Vil = ViAo el = — - 2 (11.54)
2my,,  2¢f,;  2my,  2cjy,
These can be simplified and re-written without the superscript as
Cj+1(Da=-D;,y) = -m;,, (B.-B;,)) (11.56)

since it is obvious from the subscript which region is being denoted. The jump relation at
the boundary produces the equations

e,D. =e,,,D, (11.57)

mB. = m;, Ba. (11.58)

Thus the above four equations can be solved for the field values D., D., B. and B. to
produce the boundary fluxes
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1), = = . 11.59
e,D (c;/ej+Cj.1/€.1) (f)J+l/2_ (11.59)
(ej+le+l+cj+lBj+l) + (Cij‘eij) 1y n+1/2
De = = . 1160
m;B (e;/¢;+€.1/¢,1) (Do, (160
_ (¢ Djyy+my By ) + (¢Dj—mB) 5 v
e, 1D = (c;/€;+Cj17/841) = (f;,,, (11.61)
(e;.,D:,,+¢c..B:i,1) + (c.B.—e.D))
m;, B, = LTl Z A DA = (£ (162)

(e;/c;+€,1/¢.1)

The field values at z; and z;, can now be determined from equations (11.48) and (11.49)
using the field values defined at the boundary between two neighboring cells. That is, a
numerical procedure, which is exact, can be produced using the above defined boundary
fluxes. The procedure is exact only if the cells corresponding to each space point z = z; is
of the correct size such that the characteristics of each two neighboring cells meet at the
one-half time point t = At/2. This is shown pictorially below in Figure 57.

t t cretressuesassscnes

Ej-1> Hj-1 A € K A Ej+1» Hjs1 ;2

Tt=At Tt=At !

it=Av2 Xt = A2

— — - >z
Z—Zj_l Z-Zj Z=Zj+1
AXJ =C jAt
- >

Figure 57 Exact numerical procedure for layered medium
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The exact numerical procedure on the above grid can thus be written as

n € +1/72 n+
Di*! = (@17 (I +
(11.63)
1 n+1/2 n+1/2
2_c—j ( (fl)j+l/2 - (fl)j-vz)
B'-H'l = 5((f1)n+l/2+ (fl)n+l/2) +
i 2 j+172 j-172
(11.64)

S U= (@D
where the flux, f = {fl fz}, at the half-time and half-space points is determined from
equations (11.59) to (11.62). The time and space discretization is made with prior
knowledge of the constitutive parameters of the space. That is, the space dimension is
discretized based on the speed of propagation in each finite homogeneous region. The time
step is kept constant in order that the characteristic method can be applied.

It should be noted that the flux values determined from equations (11.59) to (11.62)
are identical to those derived by Shankar et al [Shankar 89] but that no restriction is given
on the space discretization in that work. Thus the numerical procedure derived therein is

not exact.

11.4.2 Wave equation in a dissipative medium (c # 0)

For the case of a dissipative medium where the conductivity (o) is not equal to zero
the solution to the wave equation becomes much more difficult. A testimony to this fact is
the series of articles by Harmuth [Harmuth 86a, b] along with subsequent letters to the
editor of IEEE EMC Transactions by various authors, notably Gray et al [Gray 88] and
Barrett [Barrett 89a, b].

Jo! omputer Techniques in EMI Hyperbolic Systems of Conservation Laws



Page 131

—1Part 2

In this case the one dimensional system to be solved is
u+Au, =S (11.65)

where the matrix A is given by equation (11.31) and s = { -oD/g, 0} 1. Diagonalization by

the matrices T and T given in equations (11.32) and (11.33) then produces

vi+Av, = Ts (11.66)

where v = Tu is given by equation (11.35) and Ts can be written in terms of v as

_CO'D -0 —eG0C
Ts=| 2m | =| 2 2mj, (11.67)
_%%p ~¢o —€0
2¢ 2 2

where the two partial differential equations are now no longer uncoupled. That is, they are
coupled by the source term Ts. Thus the characteristic variables v are no longer constant on
the characteristics defined by equations (11.39) and (11.40) and this approach to solving
equation (11.65) is no longer the best one.

The two partial differential equations (11.65) can be transformed to a single second

order equation written as

dy Ay oy

— —UE— — =0 11.68
ox2 H ot? HO5¢ (168)
where y is either D or B (i.c. they satisfy the same equation).
Given the initial conditions D( x, 0) = gp( x), B( x, 0) =0, implying that

g-l-) = —0eD (x,0) = —cegp(x) = Gp(x), (11.69)
t t=0
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the electric displacement D can be calculated at any time along the x axis as

D(x,t) = e""{%gD(x+ct) +%gD(x—ct) -

(x +ct)

= | b @I Q[P+ 1170

(x—ct)

(x+ct)
= | gD<B)§itJo<';—’J(x—B)z-c%’)dﬁ}

(x—ct)

c
where b= — and ¢ = 1 as given by Stratton [Stratton 41]. The magnetic
2e /ug

displacement can be found by solving equation (11.68) for the same initial conditions. That
is B(x,0) =0 = gg( x), and

dB
at

= Gg (X) = aa—x(eD) = aa—x(eg(x)). (171

t=0

Thus, the magnetic displacement is given as

(x+ct)

B(x,t) = 716 f (GB(B)JO(EJ(x-B)z-cztz))dB. (11.72)

(x=ct)

Note that in his example, Stratton chooses Gp(x) = 0. This implies that B( x, 0) is not equal

to zero. These equations will be integrated numerically in the next chapter in order to
compare the results with solutions derived via the finite difference method.
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Finite Difference Methods

The numerical solution of initial-boundary value problems using finite difference
techniques is discussed. The initial-boundary value problems are in the form of hyperbolic
conservation laws as discussed in the previous chapter. In order to keep the equations
manageable, the standard difference operator notation is used (see for example Dahlquist

[Dahlquist 74] and Lapidus [Lapidus 82]).

Linear Finite Difference Operators

Operator Symbol Operation
Forward Difference A Au =u_, -u
Backward Difference v Vu=u-u_,
Central Difference d du.=u_ . n-U.ip
Forward Shift E, Eiur=upy
Backward Shift E. Eu=u.
Average 1 Hu=12(u,,, 5 + U, )
Differentiation D Du = du/dxl =u,l

Figure 58 Table of linear finite difference operators

Page 133



Page 134

—|Part 2

The standard finite difference techniques are described first for systems of
conservation laws in one space dimension. More accurate upwind schemes which use
numerical fluxes defined via the method of characteristics are then presented.
Generalization to more space dimensions is then described.

12.1 Some Finite Difference Terminology

One advantage of the conservation law formulation of Maxwell’s equations is that
the finite difference procedures become simpler to write and to analyze (see for example
Richtmyer and Morton [Richtmyer 67], Sod [Sod 85], and Strikwerda [Strikwerda 89)).

Given, as the initial value problem, the one-dimensional system of n conservation laws
u+f, =0, (12.1)

with initial conditions u( x, 0) = g( x) an approximate solution u}‘ = u(x, t) is sought on

a rectangular lattice

Q. = { (X)) (X_12SXSX), 1), (PSS}, (12.2)

where x; = jAx, t* = nAt and j, n are integers. The initial conditions are approximated

on Qg by

0 _ o —
u; = g; = g(x), (12.3)

and a finite difference procedure is used to determine the solution at a new time t = t". A

general finite difference scheme can be written as

uf*! = Q(uf), (12.4)

for n 2 0 where Q is a polynomial in the backward and forward shift operators E_ and E,.
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Important qualities of a finite difference scheme are its srability, whether it is
consistent with the partial differential equation being approximated, and whether it is a
convergent scheme. Only heuristic definitions of these concepts will be given here. For the
mathematical definitions consult Strikwerda [Strikwerda 89].

Consistency

A finite difference scheme is consistent with the partial differential equation being
approximated if the difference between the partial differential equation and finite
difference operators applied to any smooth function tends to zero as the time step and the
space step tend to zero. In other words, the truncation error, when the finite difference
scheme is derived via Taylor’s expansion, must tend to zero as At and Ax tend to zero for

the scheme to be consistent.

Convergence

A finite difference scheme is convergent in a norm, relative to the initial value
problem being approximated, if the norm of the difference between the solution produced
by the scheme and that produced by the initial value problem tends to zero as At and Ax

tend to zero.

Stability

A finite difference scheme is stable if the growth produced in a norm of the solution
at a certain time step is limited to the growth at the previous time step multiplied by a
constant. That is, growth which is exponential in n, where n is the time step, would be
unstable. This ensures that any local error is not amplified indefinitely as the time stepping

is performed.

Now consistency and stability restrictions are usually relatively easy to derive fora
finite difference approximation; convergence, on the other hand, is more difficult.

Consistency follows immediately from the derivation of a scheme using Taylor’s
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expansion. Stability of a scheme can be determined easily using the von Neuman condition

and harmonic analysis cf a linearized problem (see for example Lapidus [Lapidus 82]).

Fortunately the following theorem proposed by Lax and Richtmyer alleviates the
difficulties in proving convergence.

Lax-Richtmyer Equivalence Theorem

For a well posed initial value problem, a consistent finite difference approximation

to the partial differential equation is convergent if and only if the scheme is stable.

Thus if the finite difference scheme is known to be stable and consistent, it can be used with

full knowledge that the resulting solution converges to the solution of the initial value
problem.

Now in the present case, what is needed is a finite difference scheme to approximate
the system of conservation laws given by equation (12.1). In the general case this system is
non-linear, and the required solution must be taken from the, possibly infinity, weak
solutions satisfying the weak form of the conservation law. The weak form of the initial

value problem given by equation (12.1) and the initial conditions u( x, 0) = g( x) can be
written as

JJ(u-¢l+f-<bx)dxdt+-[(g-(b(x,O))dx =0 (12.5)
0—ce Zeo
where @ is a vector valued tesz function having the same number of component:, as u. That

is, @ is a vector of n scalar test functions ¢,€ Cq (i.e. smooth with compact support, see

R. D. Richtmyer [Richtmyer 78]).

The finite difference scheme given in equation (12.4) is said to be in conservation
form if it can be expressed in the form
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uj‘” = uj—p(hi,,,—hj_,), (12.6)

where p = At/Ax and h is a consistent numerical flux

}l+ 172 = h(u}lH’ seey u?a eeey u-ri\_m)’ (12.7)

h(u,u,...,u) = f(u). (12.8)

The requirement that the numerical flux be consistent with the physical flux, that is
equation (12.8), is necessary in order that the scheme be consistent with the conservation
law. The importance of making sure a finite difference scheme is in conservation form is
exemplified by the following theorem due to Lax and Wendroff (see Sod [Sod 85] and
Harten [Harten 83]).

Lax-Wendroff Theorem

If a finite difference scheme which is in conservation form is convergent then the

solution u} — u(x;, t") derived from the difference scheme converges to a weak solution of

the conservation law as At and Ax tend to zero.

12.2 Classical Finite Difference Schemes

Now that some of the terminology associated with finite difference techniques has
been established, some specific schemes will be presented. The first to be presented is the
Lax-Wendroff scheme which can be written for equation (12.1) in one step form as

2
S AT TL-7C PR

where A, which is assumed constant, is the Jacobian matrix, V.f, of the flux vector f and

p = At/Ax. For the inhomogeneous case, where a source function s is included in the

conservation law, that is
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u, +f, =s, (12.10)

the Lax-Wendroff method can be written as

ul*! = uf - pA(A +Vul +—A282u +
(12.11)

pAt

t
7(sg‘+l+s}‘) - A(A +V))s]

where s;' = s(x;,t"). The simplest way to account for a Jacobian matrix which is not

constant is to write the above equations in two step form as

n+l p
uili, = R, ijf?’ (12.12)
At At

u}‘” = uj—-pd f““+2A st — p (A, +V))As], (12.13)

where i‘,"_ = f(uj;_”). This scheme is stable with a Courant number of 1, that is
pA_ <1, (12.14)
where A,y is the largest eigenvalue of A. This scheme is consistent with the partial

differential equation
At

u +f, = ?fxx+s, (12.15)

which is therefore consistent with equation (12.10) as At tends to zero. It can also be shown
that the Lax-Wendroff scheme is second order accurate in both time and space. That is, the
truncation error is O(Atz) and O(sz). The use of equation (12.15) is another way of
ensuring that the numerical solution converges to the correct physical solution (see Harten

[Harten 83]). The term ( (At) /2)f,, is called an artificial viscosity term and it adds
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dissipation to the scheme. Note also that in this scheme every component of the solution
vector is defined at each grid point in the lattice.

An alternate classical method of approximating the partial differential equation
(12.10), which does not add any artificial dissipation, is via centered differences for both
time and space. The scheme, known as the leap-frog method, is written very simply as

W= = p (- ) +ALS] 4 1219

which is also stable for a Courant number of 1 and is second order accurate in both time
and space. This scheme is a two-step method in that it requires initial conditions at © and

t! before it can be used for time stepping. Note also that, in this scheme, the solution vector
is calculated on two interlaced meshes which are independent of each other. This is
depicted in Figure 59.

e O o
Figure 59 Computational molecule for leap-frog scheme

It is natural to keep only one of the meshes, and to execute the scheme on a

staggered mesh. Also, a closer look at Maxwell’s equations in one dimension (and later in

higher dimensions) reveals that if equation (12.16) is used, the component D;‘” is

dependent on DJ'-l - B}, ., and B]_,. Thus it is also natural to interlace the components on

the staggered mesh. That is, the discrete solution vector can be defined as
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D?
n _
uf = [ n_!ﬂ}, (12.17)

j+172

and equation (12.16) can be rewritten as
Dj*! = DI —p(ff -F_)) +At (s} +s), (12.18)

/72 -
92 = B2 - (- ) +At(s! +s7). (12.19)

This is the classical interlaced staggered mesh introduced by Yee (see [Yee 65]). The
components of the solution vector u are updated at alternate half time steps and the
computational molecule becomes as that shown in Figure 60.

Figure 60 Interlaced mesh for leap-frog

12.3 Schemes Based on Upwinding and Flux-Splitting Techniques

The concept of an upwinding difference ccheme is based on the fact that a finite
difference scheme is stable for wave type equations if the domain of dependence of the
numerical method is greater than that of the physical phenomenon being modelled. The
domain of dependence of a discrete method can be easily found from the computational

molecule depicting the sche.ne. The domain of dependence of the physical problem can be
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defined as the domain in x-t space which has influence on the disturbance at a specific point
in the plane. This is best explained by the example of the one-way scalar wave equation
defined by the partial differential equation

u,+au, =0 (12.20)

which has solution u( x, t) = f( x-at) where f( x) = u( x, 0) is the initial condition for the
problem. This equation represents a wave moving to the right with velocity given by a (if
a is negative then the wave moves to the left, i.e. right with negative velocity). Thus the
domain of dependence at a point ( €, t) for the physical problem is the characteristic line of
slope I/a passing through the point and for times less than <. In order for the numerical
scheme to be stable, its domain of dependence must encompass this characteristic. This is
shown in Figure 61. Thus for the one way wave equation, centered space differences are
not required for stability.

t
(1)

LAt

Figure 61 Domain of dependence of physical and numerical problem

This was taken advantage of in the formulation of the classical upwind method by
Courant, Isaacson, and Rees {Courant 52]. This scheme which approximates equation

(12.20), where it is assumed that a = a( x), is written as

I pa(x)A,uj, a(x;) <0

; (12.21)
! ' pa(x)Vaul,  a(x) >0

u
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and is stable with Courant number of 1. It can be shown that it is first order accurate in both
space and time.

For systems of conservation laws given by equation (12.1), a scheme which is
second order accurate in both space and time and also makes use of upwind differencing is
the predictor-corrector scheme of Warming and Beam (see [Warming 76]). They based

their analysis on the MacCormack scheme which is written as

u;x+l - u;‘—pfo;' (12.22)
u;1+l - %(u}l_*.uﬂ-—*—l) g fj‘ (12.23)

From this the fully upwind scheme is produced by modifying the corrector of equation
(12.23) to

1 =i, P p
n+l _ n n+ly _F +1_ "
ult! = 7(uj +ul*?) Zfo;‘ 2V f]‘ (12.24)
where if"—‘ = f(u}‘T‘). This scheme is only stable for systems having a Jacobian matrix A
with all positive eigenvalues. It can be converted to handle a system with all negative
eigenvalues by replacing V by A in equations (12.21) and (12.23).

For the general case, where the eigenvalues of A are both positive and negative, a
flux vector splitting technique must be used if a stable upwinding scheme is desired (see
Steger and Warming [Steger 81]). In this method the flux vector is split into two parts as

f=f+f (12.25)

where f* corresponds to the positive eigenvalues and thus the positive flowing waves, and

f™ to the negative eigenvalues of the negative flowing waves. This splitting is accomplished

by recalling that, by definition of a hyperbolic system, the Jacobian matrix can be

Computer Techniques in EMI Finite Difference Methods



Page 143

— Part 2

diagonalized by a matrix T, and T}, where T is made up of the right eigenvectors and T
of the left eigenvectors such that
f = Au = TAT 'u (12.26)

where A = diag( A;) is the diagonal matrix of the corresponding eigenvalues of A. The

matrix A can be split into the sum of two matrices A* and A” as

A=A"+A (12.27)

where A contains only positive eigenvalues A* and A” contains only negative eigenvalues

A". Thus the splitting of the flux vector f can be achieved by using equation (12.27) in
equation (12.26) as
f=TA*"+A)T'u= (A*+A)u = f* +f. (12.28)

Once the flux vector has been split it can be used in the second order accurate
Warming and Beam scheme given by equations (12.22) and (12.23). These become

uf*l = ut-pV, (f)"-pA (f)" (12.29)
n 1 n n+l n ;1-_
uptt = S P a2V, () V()T
(12.30)

+5 (A2(F)™ 1A (F)™)

O

which can be shown to be stable with a Courant number of 2 (see Steger and Warming
[Steger 81]). The above equations form the basis of the difference technique used by
Shankar for the electromagnetic equations [Shankar 90]. The method of determining the
backward and forward flux differences still remains to be discussed in order that the scheme
can be implemented.
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In general, the fluxes at the cell interfaces (i.e. Xj+172) are not known and some

method of approximation must be determined. Since these are approximations, they are

referred to as numerical fluxes, denoted by h;, 152, and are defined as in equations (12.7)

and (12.8). Now in terms of these numerical fluxes, the forward and backward differences

of the negative and positive fluxes may be defined as those defined by Sweby [Sweby 84]

VIS = 8f_,,, = —(hj_,, - f(x)) (12.31)
Af} = 8f:+l,2 = (h j+12~ f(x ). (12.32)
When these are substituted into the predictor of equation (12.22) it becomes

uj'* M = uj —p(hy,n—hy_y,,) (12.33)

and the corrector becomes

| - n+l n n+
uit! = 5 (Uj +uj *h - g CHPES EACY) (12.34)
U}”l = 2(“ +Un+l) - (h]'If/z hn*vz)

DB (T -5, () (1239

j=172 j- 3/2)

+£ @, )T, -8,

j+l/2)

after substitution. The above predictor-corrector form given by equations (12.34) and
(12.35) ar= identical to those given by Shankar [Shankar 90].

12.4 Numerical Flux Determination

The final task before the upwind scheme can be used is to determine the appropriate
numerical fluxes. There are many ways in which the flux at the interface between two cells

can be approximated (i.e. h;.1/2). The usual procedure is to determine the numerical fluxes
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by solving a Riemann problem (see Roe [Roe 81] and Osher [Osher 84]).The Riemann
problem is specified by the conservation law with initial conditions given by equation
(11.23). In the case of the finite difference approximations the solution is assumed constant

in each cell. Therefore, at a cell interface located at Xj+1/2, the left solution of the Riemann

problem would correspond to uj and the right to uj, ;.

Maxwell’s equations for the one dimensionai case can be written as equation
(12.10) with

B
) = |2, 12.36
u(x, t) [D] (12.36)
f(x,t) = {’EXCD], (12.37)
-XxXmB
0 0
1) = = i 12.
s (x,t) [_] [_CGD] (12.38)

where the fields have been left in vector form for ease of manipulation. Since all the fields

in the Maxwell’s equations are linearly degenerate, equation (11.22) becomes

Afu] = [f], (12.39)

and may be used to solve the Riemann problem. This can easily be seen by replacing f in
equation (11.16) with Au which then becomes

Sf{u] = [f] = Alu] (12.40)
(A-SI) [u] =0 (12.41)

which has non-trivial solutions only for the speed of propagation equal to an eigenvalue of

A, that is S = A. For the above case, the eigenvalues are A = +c = + (me) /2,
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The solution vector just to the left of the cell boundary is denoted as u’ and justto
the right of the boundary as u”, similar to the notation of Figure 56. The solution at the point

xj can then be related to the solution at x™ by equation (12.39) using the negative
eigenvalue, and the solution at x” to the solution at Xj+1 using the positive eigenvalue. This
produces the equations
—c;(u” —u) = (" -f), (12.42)
Cj_,_l(llj_,_l—llA) = (fj+l_f,‘)’ (12.43)
while at the boundary, f* and fA are related by

ff = (12.44)

These are now solved for f* and f* in terms of uj,1 and u;. For the individual

components, equations (12.42) and (12.43) can be written as

—¢;(B°-B) = (2x (eD) -2 x (eD)), (12.45)
—¢;(D°-D)) = —(Xx (mB) - x (mB))), (12.46)

and
¢j+1 (B, —B") = (&% (eD),, — %X (eD)"), (12.47)
Gj+1(Dj,; = D") = —=(&x (mB), , —x (mB)"), (12.48)

while equation (12.44) becomes

ixeD" = kxe;, D", (12.49)

and
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£xmB" = 2 xm;,,B". (12.50)
Now taking the cross-product of equations (12.46) and (12.48) with X,
—¢;(A XD -%xD) = -kX (kxmB" - & x (mB))), (12.51)
and
Cjyp (XX D, —%x D") = -&x (& X (mB)j+l -%x (mB)"), (1252
which, using equation (12.49), becomes

€

Ciy1 (AXD;, =% X D') = -k x (R X% (eB),,, ~ & X (m;B")) .(12.53)

€1

Adding equations (12.51) and (12.53) yields

% xeD” (cj+i +-C—J:) = xx{[ (CD)jH +XX (mB)j+l]
j+
J J +[(cD);-%x (mB) ] } (12.58)
A similar procedure produces
xmeB‘(?_:.Iﬁuif) = £x {[(cB),,, %X (eD) ,,]
J J + [(cB);+&x (eD);] } (12.55)

Note that equations (12.54) and (12.55) are the same as that derived by Shankar [Shankar
Y0] without the generalization of the resistive sheet. Also note that the form of these
equations is identical to those of equations (11.59) to (11.62).

The above equations can now be used for the numerical flux definition required in

the two step upwind scheme of equations (12.34) and (12.35).
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12.5 Comparison of Schemes for 1-D Electromagnetics

Numerical results for the finite difference schemes presented in the previous two
sections are compared for the solution of Maxwell’s equations in one dimensional space.
These are also compared to the exact solution given in the section Maxwell’s Equations in
One Space Dimension and Time on page 121.

The first test case is that of a incident square D pulse on a perfectly conducting
boundary as shown in Figure 62. Here the results due to the different finite difference
schemes are labeled in the figures themselves. Note that the scheme given by equations
(11.63) and (11.64) is referred to as the semi-analytic scheme. The perfectly reflecting
boundary is implcnented using the image principle. That is, a numerical mesh point is

located to the right of the boundary (xg,) and its solution (uy,) is calculated using

Dk+l = -Dk' (12.56)

and

B.,, = B,. (12.57)

Notice that all the schemes perform exceptionally well since p is set at the Courant limit for
all the schemes. Thus, the upwind scheme requires half the number of time steps for this

and all rerucining test cases.

The next test case is that of a square initial D pulse impinging on a dielectric

boundary shown in Figure 63. The relative dielectric constant of the second region is

chosen as €, = 10. Thus the wave speed in this region is 10'72 times slower than in the region

where the pulse originated. The oscillations seen in the dielectric region zre due to the fact
that p is set constant for all schemes except for the semi-analytic scheme where p is dictated
by the scheme. As can be seen, a great loss of accuracy occurs wiien p is reduced from the

Courant limit.
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Figure 62 1-D electromagnetic solutions for a perfectly conducting boundary
(initial electric displacement D = square pulse)
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The next test case is for an incident square D pulse on a partially conducting
boundary as shown in Figure 64. The partially conducting region has a dielectric constant

of & = 10 and a conductivity of 6 =0.001. In this case the semi-analytic solution is modified

by multiplying the boundary fluxes by

(1]
-4t

e *, (12.58)
and by adding the term s to equations (11.63) and (11.64). These addition terms make the

scheme non-exact.

The final two test cases are that of a Gaussian and square inidal D pulse in a
homogeneous conducting medium with ¢ = 0.001, as shown in Figure 65 and Figure 66
respectively. For these cases the numerical schemes are compared to the analytical solution
found via equations (11.70) and (11.72). These equations were integrated using Simpson’s

rule where a series approximation was used for the Bessel function.

Notice that the negative tail shown in these plots, as opposed to the positive tail of
Stratton (see [Stratton 41] pp 307, Figure 53a), as the pulse splits and travels to the right
and the left is due to different initial conditions being imposed in the two cases. This was
discussed at the end of section 11.4.2 on page 130. In general, all of the numerical schemes
are less accurate in the presence of the conductivity, especially for the high frequency

components present in the square initial pulse.

In order to see the differences more clearly, separate plots are presented for the case
of the square initial pulse in the conducting medium for each of the numerical schemes
used. These are shown in Figure 67 for one specific time. As can be seen from the figure,
all the methods produce oscillations or ripples.
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Figure 66 1-D electromagnetic solutions for conducting medium
(initial electric displacement D = square pulse)
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Chapter 13

Finite Differences in Higher Dimensions

The finite difference schemes previously presented for hyperbolic conservation
laws in one space dimension are now generalized to two and three dimensions. The
convenience of describing Maxwell’s equations in conservation law form will become

evident. An approximate solution to the general three dimensional conservation law,

u+E,+F,+G, = 8§, (i3.1
with initial conditions u(x, y, z, 0) = g(x, y, z) is sought on the rectangular lattice

<x<x

Xi-12 i+1/2

Ye-1,25Y S Yke12
Q.. = J4(x,Y,21t) , (13.2)
jkin <2<

2y 122232y,

<<ttt
where x; = jAX, y, = kAy, z; = 1Az, t* = nAtandj,k, |, and n are integers. The initial
conditions are approximated on Qg by
0 _ -
U = 8ju = 8(Xj Yi» 2, (13.3)

and a finite difference procedure is used to determine the solution at a new time t = t". The

general finite difference scheme can be written as in the previous chapter as
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whi ! = Q(uy), (13.4)

for n 2 0 where Q is now a polynomial in the backward and forward shift operators E_ and
E, for each space dimension. The qualities of consistency, stability, and convergence are

still used to describe a specific difference scheme.

13.1 Leap-frog: Yee Algorithm

The simplest scheme to understand and implement is the leap-frog scheme
formulated by Yee [Yee 66]. This is a two step scheme on an interlaced mesh. The
interlacing of the solution vector components is easy to see in one-dimension (Figure 60).
Itis a bit more difficult to visualize in two and three dimensions. Note that this interlacing

is specific to Maxwell’s equations and may not occur for other equations.

Following the procedure of the previous chapter, the solution vector may be written

as
_ -T
n-1/2
n (B )Jk+l/2.l+l/2 ( ")j+1/2.k.l
ut, = | ik n-1/2 R 13.5
ikl n (B, j+1/2.k,1+1/2 (D )j k+1/2,1 (13.3)
J n-1/2 n
_(Bz J+1/2,k+1/2,1 (D,)] j i 1+1/2)]

and the scheme becomes

Dji = ' D}y ‘*’ (s;'le + Sik1)
"Px (E;' - E}‘- 1)
b, (F1-F7_))
-p, (G -GI_, (13.6)

and
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Bt

B +

n+l
(S_]kl

n

-p, (El,, —E})

~Py (FRo1 -
-p,(G?H

)

-GY)

(13.7)

where Bj,, implies uj, for any of the B components and D}, implies uf},, for the any of the

D components and p = AY/AE. The notation for the flux vectors E, F, and G is determined

by
0 i 0 7
(—Dz)n B n-1/2
- z
n _ n _ e 7. (—)
E! = E (ujy) ik1+172 Hovizksza || (13.8)
Dy n -B n-1/2
&) -
kel LB e k14122
[ D 1[ g n-122 ]
z
(< (—)
n k14172 H j+1/2,k+1/2,1
= F(ujkl) = 0 0 , (13.9)
-D. B n-1/2
X
: ()
(L € j*t72,k Y | H j+k+1/2,1+1/2]]
-D = n-1/2
y
n n hk+1/2,1 § j+1/2,k,1+1/2
G = G(uy) = D, " B, "1 (13.10)
(<) (=)
j+1/2,k1 o ikeir21+122
i 0 I 0 ji
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The component locations as defined by equation (13.5) are depicted in Figure 68.

tn-lﬂ tn
1+172
¥4 Bx
By k+1/2
i +
s k+1/2
S ™ S~ D,
X - B .
j+12 z Dy j+112
B components D components

Figure 68 Location of components for leap-frog scheme

In two dimensions the scheme is obvious and will not be given explicitly here,
except to recall that Maxwell’s equations uncouple into two independent sets of three
panial differential equations. These are the TE case where only the B,, D,, and Dy

components exist, and the TM case where only the D,, B,, and B, components exist. Note

that these two cases correspond to either the components at the bottoms of the cubes in
Figure 68 (i.e. TE case) or at the tops of the cubes (i.e. TM case).

In order to start the time marching, when either the initial B or the initial D is given

in the initial condition, the first step will be a half time step (Ato = At/2) if the other
component is assumed to be zero. For example, if B( x, 0) is given as the initial condition,
then equations (13.6) are used to update the D fields assuming that the previous D fields are
zero, and using a time step of At/2. Alternatively, if D( x, 0) is given then equations (13.7)
are used first with a time step of At/2. From this point on equations (13.7) and equations
(13.6) are used alternately with a At time step.
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The boundary conditions for a perfectly conducting medium are easily
implemented by imposing that the tangential electric field be equal to zero on this
boundary. Thus, when a perfectly conducting body is placed in the mesh, the boundaries of

the body should line up with mesh points containing tangential E field components.

The stability of the scheme has been established by many authors (see for example
[Taflove 90)). The scheme is stable for

At<— 1 1 7 (13.11)
2 + 3 + ‘)) cmax
Ax®  Ayc Az°

where if Ax = Ay = Az this corresponds to a Courant number of 1/ (J3). In two

dimensions, Az = o and the Courant number becomes 1/ (./i ).

13.2 Lax-Wendroff: Two Step Method

In higher space dimensions there are many ways to write the Lax-Wendroff scheme
(see [Lapidus 82]). The formulation of the Lax-Wendroff method in two step form was first
presented by Richtmyer [Richtmyer 67] and thus the different versions of the scheme have
become his namesake. The analysis of these schemes has been investigated by Wilson

[Wilson 72] and are written below using the notation defined in Figure 58

i) Richtmyer Scheme (3-D) (also Two-step Lax-Wendroff)

n* _ (p'x + p’y + “‘z) n _ [pxax .;lkl + pyayFJr"kl + pZSZG;Ikl]

Ujp = 3 Ujki 2 (1312
n+l _ * n* * -
Uiy = u;lkl_ [pxax jkl+py8yF;‘kl+pzslG?kl]
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ii) Modified Richtmyer Scheme (3-D)

. . [p,5,Efa+ pyayF?kl + pzazG?kll
ujkl = (ll,‘l-lyllz) ujkl - 2

n+1 _ . n* n* n*
Uy = u?kl - [pxstjkl + pya) ijl + plaszkl] (13.13)

iii) Rotated Richtmyer Scheme (3-D)

ufg = (R HH,) uf

[p 1 1,8 Ef, + p,uxuzﬁijkl + pzuxuySZijll
2

u;'le = ug‘k'l - [le—lyPZSxEﬁ:l + P,H,MZSyF;:l* pszpyszG;;] (13.14)

where Ej}; = E(ujy), E;‘k' = E(u;‘,:l), with similar relations for the flux vectors F, and

At At At S ,
= — . The two dimensional versions of these

Aax' Py T av P T A2

schemes can be easily obtained from the above equations by dropping the flux vector G and

G, and p, =

all finite difference operators in the z-coordinate direction. Thus they can be written as

follows.

i) Richtmyer Scheme (2-D)

. ety (P8 ER+p 3 ]
Uik = 7 kT 2 (13.15)

wit! = ufy - [p 8, Ej +py8yF;‘k']
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if) Modified Richtmyer Scheme (2-D)

- ) [pXSXE}‘k+py8yF;‘k]
Wi = (W,H,)uj - 7 (13.16)
! = uj}, - [p. 8, x +py8yF;‘k']
iii) Rotated Richtmyer Scheme (2-D)
[P, 1,3 Ej +pu8F“l
n* _ n
e = (B e 2 (13.17)

upt o= - [PKIJ,,SXE,' TPM, 5 F ]

The computational molecules for these schemes are shown in Figure 69,

ey

QQQQQ

@ .j..'.j @e o

Richtmyer Modified Richtmyer Rotated Richtmyer

Figure 69 Computational molecules for 2-D Richtmyer schemes
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Note that in these schemes every component of the solution vector u is represented
at each lattice point. Thus it is simpler to introduce material boundaries into the mesh. The
Rotated Richtmyer scheme is the simplest on which to impose boundary conditions due to
its square computational boundary. It also has the largest Courant number. The Courant
numbers for the Richtmyer schemes, corresponding to the case where Ax = Ay = Az, are

given in Figure 70 (see [Wilson 72]).

Scheme 2-D Courant No. 3-D Courant No.
Richtmyer

Modified Richtmyer

- Bl- -
- Sl -

Rotated Richtmyer

Figure 70 Courant numbers for Richtmyer schemes

13.3 Upwind Schemes

The upwind difference methods based on the schemes of Warming and Beam (see
[Warming 76] and the flux vector splitting techniques of Steger and Warming (see [Steger
81]) presented in section 12.3 on page 140 are now generalized to higher space dimensions.
The flux vector splitting can be performed on each of the flux vectors E, F, and G

individually based on the Jacobian matrices of each. Thus the split vectors can be written as
E = Te (AL +Ap) Tg'u = (Af+Ap)u = E*+E", (13.18)

F

Te(Af +Ap) Te'u = (Af+Ap)u = F*+F, (13.19)

G = Tg(A; +Ay) Tg'u

(Ag+Ag)u = G*+G-, (13.20)
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where, as before. the + superscript denotes a positive flowing flux and the - superscript

denotes a negative flowing flux.

The Warming and Beam scheme predictor can now be written as

ujy! = uj, - o,V (ED" -pA, (E)"
V (F) - P, A (Fu)n

=P,V (G)"-p,A,(G)"

(13.21)
and the corrector as
n+ 1 n+ X +\ N+ 0+l
il = 5 (W rulgh) - 2<VX(E,.) '+ VZ(EN"™)
px 2 an+l an+l
+> (AH(E)™ '~ A ()"
S VFD™ - VEEDT)
Py (a2 (F) ™ Z A (Fyy™*!
+?( y( k) - y( k) )
P, ey n+l 2 +yn+l
P, 2 yn+l an+1
+7(AZ(G1) —AL(Gl) )
, (13.22)

where Ej = Ey, Fy = Fjyy, and G = Gy This scheme can be written in terms of the
numerical fluxes as was done for the one dimensional case. Thus for each of the split flux
terms, the forward and backward differences of the negative and positive flowing fluxes in

their respective coordinate directions can be written as in equations (12.32) and (12.31).
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Thus, if the numerical fluxes for each of the flux vectors ar= denoted by hg, hg, and

hg. the forward and backward flux differences become

AE; = 8E;,,, = ((hg),,,,,—Ex)). (13.23)
VE! = 3E{_,,; = -((hg);_, ,,~E(x)). (13.24)
AF, = 8F;,,,, = ((hg),,,,,-Fyd)., (13.25)
VF; = 8F;_,,, = -((hp) _,,,-F(y)). (13.26)
VG = 8G/_,,, = -((hg),_,,,~ G(z)). (13.27)
and
VG = 8G{_,,, = -((hg),_,,,—G(@z)). (13.28)

With these definitions, the Warming and Beam predictor-corrector scheme given in
equations (13.21) and (13.22) can be written in terms of the numerical fluxes hg, hg, and

hg.The predictor becomes

n+l __ l n n+l px n+1 n+l
W = i(ujkl"'ujkl —7(“15 jv12” (hE)j-1/2)

P + n+
-'2—y ( (hl’):+:/2— (hF)k—:/z)
pl h n+1 h n+1
7 ((hg) {1/, = (he)Z,0) (13.29)

and the corrector is written in the form
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n+l o _ n+l Py n+l n+l
Uy = 5 (“m*“m — 5 ((hg)§r),, = (hp) (1))

—_ ( (hF)::i/z (hF)n+|/~o)
-— ( (hC) ;‘:ll/z (hG n+|l/‘$)

-&(ax(mv_ﬂ -5, (E)"")

=172 j 3/")
n+ n+1l
+_(8 (E )J+3l/a Sx(E)J«hl/")
py 8 sn+l syn+l
_7( y(F k—l/2—8y(F Ye-3s2)
P n+l n+
+ _2_3’ (ay(F-)k+;/2—8y(F )k+ll/")

——(8 (G+)n+l SZ(G* n+l

I-172 )l 3/2)

1+372 l+l/2)

+7’(61(G‘)m -8,(G):!!
(13.30)

The Courant number for this scheme is 2/ (../5) and therefore the time step must

be chosen such that

A<= (13.31)
p max J'3'

where Ay, is the largest eigenvalue of all the Jacobian matrices Ag, A, and Ag. Also, it
is assumed that p = py = py = p,. Thus, this upwind scheme has a larger Courant number

than any of the previous schemes presented, including the Rotated Richtmyer scheme. The

two-dimensional scheme can be easily obtained from the above scheme. Note however that

the two-dimensional scheme will have a Courant number of ./i
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13.4 Numerical Fluxes for Maxwell’s Equations

Before the upwind scheme of the previous section can be implemented for
Maxwell’s equations, the specific numerical fluxes in each coordinate direction must be

determined (i.e. hg, hf, and hg). These can be determined in a straight forward manner by

the same procedure used in section 12.4 on page 144. There, the numerical flux was

determined for the x-coordinate direction. If the vector analysis presented therein is

reproduced for any general coordinate direction with unit vector £, then the numerical

fluxes can be written as in equations (12.54) and (12.55) as

ExeD” (2 + ) = Ex {[(cD),,, +&x (mB),,,]

ei+l

+1eD)~Ex mB) ]} ..

and

ExmiB'(:f+I +%) = &X { [(CB)H,I—&X (eD)i+1]

+[(cB),+&x (eD) ] } , (13.33)

where the indices i and i+1 represent any of the coordinate indices j, k or 1, depending on

whether é is X, ¥ or Z respectively (see [Shankar 90]).
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Since the flux vectors for Maxwell’s equations are defined by equations (11.6) to
(11.8) the fluxes for rectangular coordinates can be written using equations (13.32) and
(13.33) for the fluxes at the interface between two cells denoted by i+1/2 where i is either
J» kor L. These are given as

(= (cD,) + (mB,)),,, + (- (cD,) + (mB,)),

_(eDl)j+1/2 = (cj/e_|+c]+l/ej+l) ’ (13.34)

((cDy) - (mB,)), , + ((cD,) + (mB,)),

eD = . (13.35)
( )]+l/2 (CJ/CJ+CJ+1/CJ+1)

((cB,) - (eD,)),,, + ((cB,) + (eD,)),
je12 = (¢;/mj+c¢;,/m;, ) '

(mB,) (13.36)

(- (cB,)) - (eD,)),, , + (- (cB,) + (eD,)),

—(mB.). - (13.37)
( Y)J+l/2 (Cj/mj+cj+l/mj+[)

for the x-coordinate direction,

((cD,) = (mB,)),,,+ ((cD,) + (mB,)),

eD - . (13.38
( z)k+l/2 (Ck/ek+ck+l/ek+|) )

_ (=(cDy) - (mB))),, - (cD,) + (mB))),

—-(eDy) ., = (ck/ek+ck+l/ek+l) ., (13.39)
(= (cB,) - (eD,)),, - (cB,) + (eDy)),

-(mB,),,,, = . (13.40)

(ck/mk+ ck+l/mk+ 1)

((cB,) — (eD,)),,,+ ((cB,) + (eD,)),

= (13.41
(MmB) c1r2 (c/my+c,/my, ) )

for the y-coordinate direction, and
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(= (c¢Dy) = (mB,)),,,+ (- (cD,) + (mB,)),
=(eDy),,,,, = /e to. /e . (13.42)
((cD,) - (mB,)),,, + ((cD,) + (mB)),
(€D, 1,0 = , (13.43)

(c//er+c¢p1/€4y)

((cB,) - (eD,)),,, + ((cB,) + (eD,)),
(mB,) =
Y 1+172 (¢y/my+¢y,/my,y)

, (13.44)

B _ (= (cBy) = (eDy)),,, + (= (cBy) + (eDy)), 1245
~(mByy . = (c/my+cyy ) /my,,) (1349

for the z-coordinate direction. Note the similarity between these numerical fluxes and those
of equations (11.59) to (11.62). Thus this method of determining the numerical fluxes at the
cell interfaces is equivalent to solving the characteristic problem in each of the coordinate
directions independently. Recall though that when that method was used the Ax in each cell
was set during the application of the method (for a given At). Here, no such specification
has been made, although it will be seen that this method will loose accuracy when applied
well below the Courant limit.
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Chapter 14

Finite Difference

Practical Implementation and Results

The finite difference schemes presented in the previous chapter for Maxwell’s
equations in two-dimensional space are implemented on a Sun Microsystems’
SPARCstation 1™. In order to achieve the greatest utility from the program, special
attention was given to the practical aspects of the implementation. That is, computational
speed and memory requirements. The main difficulty lies not with the speed of the
computations, since all the schemes discusscd ore explicit schemes, but rather with the

storage space required for the schemes.

14.1 Memory Requirements

In three-dimensional space, the memory requirements for a practical sized problem

can be formidable. For example, the total memory requirement in bytes, B, for a finite

difference program can be estimated as

By = N, XN, xN,xB = Ny X B, (14.1)

node

where Ny, Ny, and N, are the number of mesh points in the x, y, and z directions

respectively (assuming a rectangular lattice), and Bpgg, is the number of bytes of storage
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space required at each node in the lattice. If a scheme is used where all six components of

D and B are stored at every node, then

B >26xB

node = component

(14.2)

where Bomponent iS the number of bytes required for each component of the solution
vector. If double precision is used then Beomponent = 8 (for the SPARCstation 1). As well
as these, the conductivity, permittivity, and permeability associated with each nodal cell
may have to be stored, especially for heterogeneous structures. Thus, the number of bytes

per node become

Bnodc 26X Bcomponem +3X Bmazerial (14-3)

where Bppaerial COrresponds to the bytes required to store the material constants. If single
precision is used for these, then Baeriat = 4 (again for the SPARCstation 1) and Bygge is

at least equal to 60. That is, 60 bytes of storage space for each node in the lattice. For a
lattice with Ny = Ny = N, =100, the total storage requirement for the problem, given by

equation (14.1), is 60 MBytes. This does not include overhead storage which will be
required, such as for the storage of the program itself and other intermediate variables used
in the calculation. A lattice of this size is not, by any means, large enough to accurately
represent a practical electromagnetic interaction problem such as the coupling of energy to
a communication system. On the other hand the 60 MBytes of memory required for this
problem is well beyond the capabilities of most engineering workstations (for example the

colour SPARCstation 1 has a maximum of 16 MBytes of memory available).

Actually, the above memory requirements assume brute force implementation of
the schemes. Using state of the art programming techniques, these requirements can be
modestly reduced, but not to the extent required to solve electromagnetic interaction
problems in complex systems. Thus, these schemes are currently feasible only for the study

of specific interaction mechanisms such as coupling through shields and onto cables, or

Compuser Techniques in EMI Finite Difference Practical Implementation



Page 172
—Part2

possibly, with the use of a super-computer, for such problems as the penetration of

electromagnetic energy into biological tissues (see Taflove [Taflove 88)).

14.2  Practical Implementation: Dynamic Memory Allocation

In order to take advantage of advanced programming techniques, the C language is
used in the implementation of the finite difference schemes. This allows the dynamic
allocation of storage space to the lattice nodes only when it is required. During the solution
of a typical electromagnetic interaction problem it is often the case that many of the nodes
at a certain time step do not contain a disturbance. This is especially true when the
excitation is in the form of a sharp time domain pulse. For example, in the propagation of
an electromagnetic pulse through a shield, the disturbance is localized in space at early

interaction times and only starts to spread spatially as the interaction progresses.

This spatial localization of the disturbance can be taken advantage of when a
scheme is implemented by allocating memory to a lattice node only if it contains a
disturbance at the current time step or has the possibility of containing a disturbance at the
next time step. In the same way, memory is unallocated or removed from a lattice node
when the node does not contain a disturbance at the current time step and does not have the
possibility of containing a disturbance at the next time step. This allocating and
unallocating of memory has the effect of propagating the memory storage for the nodes
through the lattice with the disturbance.

This process is implemented by first only allocating memory to an array of pointers
to the data structures which hold the information for each lattice node. Thus, if 10000 nodes
make up a 100X100 finite difference lattice, then a 100X100 array of pointers to the nodal
data structure is allocated, requiring a total of 4 KBytes of memory (a pointer requires 4
bytes of memory). The nodal data structure consists of the data types required to represent
the solution vector at each node and to keep the material constants for the node’s cell. For

the three-dimensional Maxwell’s equations each data structure consists of six double
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precision variables. Since the material inhomogeneities are usually constant with time, it is
best to define a separate data structure for the three single precision variables required to

hold the material constants for the lattice. These data structures are illustrated in Figure 71.

&
""""" m Material Constants S
Pointer Array Material Constants
lj::-_-,':> B, Data Structure (12 bytes)

C o By
Solution Vector B,
Pointer Array Dy
Dy
D,

Solution Vector
Data Structure (48 bytes)

Figure 71 Example of solution vector and material constants data structures

The next step is to input the initial conditions into the lattice as well as the required
material constants. This consists of allocating the data structure memory for each node
required by the initial conditions to have a non-zero disturbance at time zero. The actual
value of the disturbance is then stored in the appropriate data location for a given solution
vector component. If a cell contains material constants which are not that of free space, then

“iat cell’s material constant data structure memory is allocated and the specific material
constants for that cell are stored. In this way, only cells with non-free space material

constants have their material constant data structure memory allocated.
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Once the initial conditions are input, the finite difference algorithm is applied to

find the disturbance at the next time step. This consists of performing three steps:

1) allocate nodes which are neighbors to a non-zero node,
2) execute the finite difference algorithm, and
3) unallocate nodes which are zero and have all neighbors as zero.

In this context, the term neighbor is dependent on the domain of dependence (or the spatial
bandwidth) of the finite difference scheme. For example, in the leap-frog and Lax-
Wendroff schemes, a disturbance at one node can propagate only to the nearest neighbors
of that node in each spatial direction. On the other hand, in the upwind scheme, a

disturbance at one node can propagate to its two nearest neighbors in each spatial direction.

The above procedure helps in the problem of large memory requirements. In order
to save on the time required to compute the disturbance at each time step, an obvious
technique is to not perform the finite difference algorithm at unallocated nodes. If the
solution vector data structure of a node is unallocated then it has already been determined
a priori that a disturbance cannot propagate to this node at the next time step, thus it is
justified to skip the calculation altogether.

In order that every node in the lattice does not have to be checked as to whether it
is in (i.e. allocated) or out (i.e. unallocated) before a calculation is performed, all the nodes
which are in are kept in a linked list (see Horspool [Horspool 86)). The finite difference
algorithm is then only performed on the nodes in the linked list. For example, at time zero
only the nodes with given initial conditions along with their neighbors are in the linked list.
In this way the calculations at each time step are performed quicker when there are only a
few nodes in the lattice. This is usually the case at the beginning of a problem when the
disturbance is fairly localized. Every time a discontinuity is met in the lattice the
disturbance is spread spatially and more nodes will be in, having the effect of slowing the

computation time for each time step.
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14.3 Results for Twou-Dimensional TM Fields

The finite difference schemes given in Chapter 13 are applied to Maxwell’s
equations for the case of two-dimensional TM fields. Specifically, the leap-frog scheme
(Yee algorithm) given by equations (13.6) and (13.7), the Lax-Wendroff scheme (Rotated
Richtmyer) given by equation (13.17), and the split flux-vector/upwind scheme (Shankar-
Osher) given by equations (13.29) and (13.30) are used to determine the electromagnetic

fields for two test cases. These are:

1) the fields propagated from a line source with imposed D, field, and

2) these same fields as they propagate through a perfectly conducting
shield with a thick gap in the middle.

In both these cases the line source is excited with a Gaussian pulse given by

1 -1)2) /b
D] ,, = L0e"*@ 0" (14.4)

online

where the parameters are given as: a = 0.1, tg = 108, and b = 10"17. rhe time domain

waveform corresponding to this function is given in Figure 72.

The purpose of the first test case is to compare the propagation of the fields through
the two-dimensional lattice with no obstructions. This first case is also used to test the
absorbing boundary corditions which were used to truncate the numerical lattice. That is,
since all the schemes have computational molecule which is centered spatially, a special
technique is required at the boundary of the numerical lattice to ensure that the fields are

not reflected back into the lattice.

Much work has been done on these absorbing boundary conditions in recent years

(see for example Fang [Fang 88], and Taflove [Taflove 90]). These higher order methods
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are not used here since the main purpose is to compare the finite difference schemes
themselves.

Geussicn Fuaction:

Texp( tog{ .100000)s(t- 1.00000e-08)2/ 1.000000 - 17/)
-
'T

|
a3 1
0.2 -
}
r \
o.0L
0 20 «0
Time (~s)

Figure 72 Time domain Gaussian pulse

For the leap-frog method it is assumed that at the outer bouncary of the lattice the
field components are propagated unattenuzted to an artificial grid point outside the lattice

boundary. For example, the D, field component at the artificial point (XNx+1+ Yx) outside
the lattic. boundary point (xny, i) is assumed to take on the componeu.ts of D, 2 AU (OXNxs i)
for the previous time step. Thus, for a boundary point (XNx» Yi)» at the right side of the
lattice equations (13.6) and (13.7) become

At
DY = k+——(s"”+st)—p (Fi-F))., (14.5)
and
B'”’] = Nk+ (sn+l+st) - P, (Fg 1 —Fo. (14.6)

Results for the first test case using the leap-frog method and the above boundary conditions
are given in Figure 73. Notice that small reflections from the numerical boundary still

occur, but are tolerable for the current application.
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The absorbing boundary conditions for the other two schemes. that is the Lax-
Wendroff and the split flux-vector upwind schemes are handled quite differently. Recall

that these schemes are predictor corrector type schemes based on the flux at the interface
between two neighboring cells.

In the Lax-Wendroff two-step scheme (using the Rotated Richtmyer method) the
flux is approximated by the predictor step given in equation (13.17). It is natural in this
scheme to assume that at a boundary point the contribution to this flux from outside the
boundary is zero. Thus at the node (xyy, yx), on the right side of the lattice boundary the

predictor for this scheme becomes

DRI
oA R

“ﬁ:k = (L) ug, - (14.7)

where ENx+l/2,k =0.

A similar procedure is performed for the split flux-vector upwind scheme of
equations (13.29) and (13.30). In this case, the numerical flux is calculated with any
components outside the lattice set equal to zero. Thus, the flux at the outside cell boundary

(XNx+1/2> Yx) may be calculated for example from equation (13.34) as

(= (cD,) + (mB,))

—(eD)y 12 = /ey, + (c/e)y " (14.8)

This procedure can be justified by the method of characteristics and implies that no

disturbance propagates on the inward characteristic line from outside the lattice.

Results for the Lax-Wendroff and split flux-vector upwind (Shankar-Osher)
schemes are given in Figure 74 and Figure 75 respectively. As can be seen from these
results, the absorbing boundary conditions given above perform very well (with the

exception of small reflections from the corners of the lattice).
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The next test case is that of the same Gaussian line source but now a thick shield
with a gap is located in the lattice. This requires that the algorithms for each finite
difference scheme be capable of handling perfectly conducting boundaries. The specific
geometry of the shield along with the location of the line source is shown in Figure 76. The
line source and shield are placed closer to the center of the lattice for the leap-frog scheme

in order to sustain a longer clear time before reflections arrive from the outer boundary.

,‘ .‘ Leap-frog scheme
100 cells = 30 m
T Xj=35cells, Y; = 40 cells
o Lax-Wendroff and
X i T=1.5m Shankar-Osher
‘—.D -
X =7 cells, Y| =94 cells
Y, G=3m 100 cells
_Y_l =30m
Y
line
source Y

Figure 76 Test case 2: perfectly conducting thick shield with gap

This is achieved very simply for the leap-frog scheme (sce Yee [Yee 66]) since only
one component of the solution vector is located at a specific point in space. For the TM
case, the appropriate boundary condition is that the tangentiél electric field, D,, be zero at

the surface of a perfect conductor. This is implemented easily by skipping the calculation
of D, at node points which have been defined to have infinite conductivity. Note that, due
to the staggered and interlaced lattice used in the Yee algorithm, some ambiguity in the

exact location of the conducting boundary results. Results are shown in Figure 77.
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The imposition of the appropriate boundary conditions at a perfectly conducting
boundary is not as straight forward for the Lax-Wendroff and the split flux-vector upwind
schemes as it is for the Yee algorithm. This is because all the solution vector components

exist at each node point in the lattice.

For the Lax-Wendroff scheme, both solutions calculated by the predictor and the

corrector use flux functions which return zero for the D, field in a conducting medium. As
well as this, the corrector makes sure that the D, field is set to zero in a conducting medium.
Thus, referring to Figure 78, if the perfectly conducting medium exists to the right of the
point x;, 1 then (D,);,1 =0, but B;, is calculated normally, from the intermediate values at

t"*172 calculated by the predictor.

............................ +1
. *
............................ [n+l/2 () u node
u* node
............................ t" O (intermcdiate)

Xj Xj+1/2 Xj+l

Figure 78 Perfect conducting boundary condition for Lax-Wendroff

For the Shankar-Osher scheme, the numerical fluxes must be determined in such a
way that the total tangential ele<tric field at a conducting boundary is equal to zero. Thus,
equations (13.34) and (13.38) are set to zero, and the tangential H field (Hy) is calculated

by setting the fluxes as well as the speed of propagation in the conductor to zero in equation
(13.37), that ir

—(mBy) - (mB,) + (cD,) )j. (14.9)

j+12 T (
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A similar procedure is used for a pertectly conducting boundary in the y-coordinate
direction.Note that for this scheme, the conducting boundary is assumed to be located at a
half grid point (i.e. Xj+172)- Results of test case two, for the Lax-Wendroff and the Shankar-

Osher are given in Figure 79 and Figure 80 respectively. As can be seen from these fi gures,

a wake forms behind the pulse which penetrates the shield.

In general, the leap-frog scheme is the simplest to understand and implement. It also
requires the least amount of storage space since it is based on an interlaced mesh. The Lax-

Wendroff scheme requires twice the storage space as the leap-frog scheme since an

intermediate solution must be stored for the whole solution vector at time t"*!/2.It should
be noted, though, that a solution for the total solution vector is achieved and there exists no

ambiguity to the location of material boundaries.

Finally, the split flux-vector upwind scheme (Shankar-Osher) is the most difficult
to understand and implement. It also requires three times the storage space of the leap-frog
scheme and is slightly slower.The main advantage of this scheme is in the proper handling
of the fluxes at cell boundaries. For the linear problems considered herein, this scheme may
not be the most practical to use. For, problems with a high degree of inhomogeneities or for

non-linear problems, this scheme has definite advantages.

14.4 Three Dimensional Schemes

A program for the three dimensional Maxwell’s equations has been written. The
advantage of the finite difference schemes presented herein is that, except for practical
implementation issues, generalization to higher dimensions.is simple. Due to the relatively
small amount of memory available on the SPARCstation 1, only problems with a maximum
mesh size of 40X40X40 are feasible. Thus, no problems of practical interest could be

sclved.
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Chapter 15
Finite Elements for 2-D Shield Problems

The finite element method is a general mathematical procedure which enables one
to obtain approximate solutions to differential equations. The method can be derived via
the Method of Weighted Residuals (see Lapidus [Lapidus 82]). Details of this procedure and
its implementation will not be given here since the software package PDE/PROTRAN (see
[IMSL 86], [Sewell 85]) is used.

15.1 Formulation of 2-D Shielding Problems

Two dimensional time-domain shielding problems are formulated for specific
problems of the type shown in Figure 81. An incident plane wave enters from the right hand
side of the figure and the shield is assumed to be perfectly conducting (i.e. G = o) (see
LoVetri [LoVetri 90]).

If the magnetic vector potential A is defined by (see Jackson [Jackson 75], and
Eyges [Eyges 80])

B = pH = VxA, (15.1)

then the electric field is given as

E = -(%‘E‘ +V0). (152)
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Figure 81 Initial Triangulation of 2-D Shielding Problem

The potential A will be a solution of the inhomogeneous wave equation. In a sourceless
region, A will be a solution of the homogeneous wave equation. If it is further assumed that

A = A,z then the scalar wave equation arises

oA,
VA, - ~Hen- " = 0. (15.3)

With this assumption, the only existing fields are E, B,,and B, (i.e. T™ fields) which can

be obtained in terms of the potential A, as

E = aAZB _ 94 dB, = oA, 15.4
Z—_E-E’x_gi’an y—ﬁ- (15.4)
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Initial and boundary conditions can be derived for the problem. If it is assumed that
no fields exist at time t = 0 then this implies

Ax,y,1=0) =0. (15.5)

If the incident plane wave consists of the two components E,, and By then the

boundary condition on the right side of the numerical mesh (x=b) can be written as a

inhomogeneous Neumann boundary condition

B.(b _ 94, <y<d, t>0 1
yBy, ) = 3% 'cSysdt=2 (15.6)

The boundary conditions around the rest of the numerical mesh a-e approximated by
homogeneous Neumann boundary conditions. This is valid as long as the time of the
calculation does not proceed long enough for r:flections from the shield to appear at these

boundaries. At the shield boundaries the electric field E, must b= equal to zero. Thus this

implies a Dirichlet boundary condition for A, on the shield boundaries.

15.2 Program Validation and Numerical Results

The IMSL software package PDE/PROTRAN for solving general two space
dimensional time domain partial differential equations is used. This software is
implemented on an IBM3090 main frame computer. It is capable of solving syst~-..s of up
to nine partial diffzrential equations in three independent variables. The systems are cast in

the general form

Cul = AL+BI+F,j=1..9, (15.7)

where

C=C(x,y,t,u), (15.8)
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A=A(ytuu, uy) , (15.9)
B =B(xytuu,, u,), (15.10)
and
F=F(xytuu, uy) . (15.11)

Thus, for the case where the vector functions A, B, and F are not dependent on u, and uy,

the above system is in the form of the general conservaticn law 2quations.

The above system is solved over a domain R with boundary dR. On the boundary,
specific boundary conditions of the form

u = f,(x,y,t),ondRy, (15.12)

and

A-n +B- n, =g (x,y,t,u),ondR,y, (15.13)

where n, and ny, are the unit outward normals to the boundary 8R; and 3R = 6R; + 8Rj.

In order, to provide some sort of validation for the program, it is first run for the

one-dimensional Maxwell’s equations in the form of equation (11.24). That is

2(eE) -L(H,) =0, (15.14)
%(MHX) _aa_z(Ey) =0, (15.15)

with boundary conditions given by

E/(-2,t) = E,(2,t) = 0, (15.16)

and initial condition
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Ey(Z, O) = e(Iog (0.0001) x z%) , (15.17)

that is, a Gaussian distribution in space is assumed for the initial electric field.

The program allows two methods of time intcgration which are the Backward Euler

Implicit scheme (O(At)), and the Cranknicolson Implicit scheme (O(At?)). Although the
Cranknicolson Implicit scheme is more accurate than the Backward Euler Implicit scheme

it is found that, for hyperbolic type equations, the Euler method is more stable.

Although this test problem is a one-dimensional problem, it is solved by PDE/
PROTRAN by setting B of equation (15.10) to zero and using only two layers of triangles
in the y-coordinate direction. Results of the computation are compared with that produced
by the exact difference solution given by equations (11.46) and (11.47) and are given in
Figure 82 and Figure 83 for the E field and the H field respectively. As can be seen from
this figure, the PDE/PROTRAN solution is very accurate but many triangles are required
to obtain this accuracy. For these results, 320 second order triangles were used, and a time

step of At =0.2X10710 was required.

For the two dimensional shield a double exponential excitation is used as the time

domain waveform for the incident plane wave, that is

t
-gL:‘ =ef-e" (15.18)

A rise time of t; = 0.5 ns, and a fall time of t; = 1.0 ns, is used to represent the field of an
NEMP wave (nuclear electromagnetic pulse). Vector plots of the B field are shown in
Figure 84. The dimensions of the shield can be seen in the contour plots of the figure where
the units are meters. The aperture length is 0.5 meters, the shield thickness is 0.15 meters,

and the outside cross-section of the shield is 0.8 meters square.
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Figure 84 Two-dimensional shield problem (B field)
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Chapter 16

Conclusions and Future Work for

Numerical Techniques

Some numerical techniques for solving Maxwell’s equations have been discussed
and implemented. It has been shown how there exist many ways to difference these
equations (one of the simplest being the Yee algorithm). New techniques, based on the
formulation of Maxwell’s equations as a system of hyperbolic conservation laws have been
studied, compared, and implemented. For simple problems, the simplest technique should
be used since these usually use less computer resources. For the modelling of more
advanced interaction phenomena, the more complex numerical techniques such as the split

flux-vector upwind schemes are required.

It has been shown how advanced programming techniques can be used to efficiently
implement finite difference schemes. These techniques take advantage of dynamic memory
allocation to optimize the use of memory during calculations.

The numerical techniques presented in the previous seven chapters are only a small
sample of the available methods for the solution of electromagnetic interaction problems.
The finite difference method, however, is one of the most powerful methods for the solution
of hyperbolic systems of equations. On the other hand, the finite element method, which

was briefly discussed in the last chapter, is more adapted to elliptic and parabolic type
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partial differential equations (see Lapidus [Lapidus 82]). The finite element method’s
advantage, of a variab.e mesh size, is eliminated when solving hyperbolic systems since
discontinuous solutions may propagate throughout the mesh, and these discontinuities

require a high resolution grid in order to be resolved.

When a non-linear medium is present, initially smooth solutions may become
discontinuous and high resolution finite difference schemes are required to resolve these
sharp discontinuities. A similar situation occurs when the initial conditions contain a
discontinuity, since this is propagated throughout the physical domain. Thus,
advancements in the field of numerical techniques for the solution of these equations are
required. Some high resolution finite difference schemes, callgd ENO schemes (for
essentially non-oscillatory) due to Shu and Osher [Shu 88, 89], have been formulated.
These schemes are good candidates for application to Maxwell’s equations in non-linear
media.

The severe practical limitations in the implementation of three-dimensional finite
difference schemes, for use in solving complex interaction problems, has been discussed.
These limitations cannot be solved solely by the use of larger and larger computers.
Advanced programming methods must be used to implement these algorithms. Also, the
study and formulat’on of more efficient algorithms is an area of research which will have

rewarding effects in the field of electroiagnetic interaction modelling.

The future work, for the numerical modelling of electromagnetic interaction
problems, can be summarized as being in two specific areas. The first, is the study and
formulation of better, more robust algorithms for the solution of Maxwell’s equations in
general non-linear media, and the second, is the study of advanced implementation

techniques to take advantage of available computer power.
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