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,3 Abstract

This note expands on the concepts of electromagnetic volume/surface
topology by including some considerations related to reduction of interference
from low-frequency magnetic fields; this may be significant in some applica-
tions. The topology of a subshield can be chosen as a Baumkugel (tree-sphere)
to minimize the induced currents on the subshield conductors. Also, grounding
networks can be designed on the basis of sublayer grounding-subnetworks in the.
o form of trees which do not have grounding conductors penetrating subshields,

3 but connect (ground) the subshields and other equipment.
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I. Introduction

In designing an electromagnetic topology for some practical application,
there are various factors to be considered. Basically, one wishes to exclude
electromagnetic energy from certain volumes. At "high" frequencies, the mag-
netic field is excluded by an inductive effect associated with the inductance
of the shield volume limited by the resistance around the assumed highly con-
ducting thin shell surrounding this volume [1]. At even "higher" frequencies,
electromagnetic field penetration is further attenuated by the skin effect in
the thin conducting shell. Actually, in practice, apertures and conductive
penetrations are dominant in electromagnetic penetration at sufficiently high
frequency. However, the concern of this noté is "low" frequencies as they
influence the design of electronic systems with respect to "shielding" and
"grounding".

At sufficiently low frequencies, the inductance between shield and inner
conductors is negligible, so that the currents are determined by resistive
division of currents between conductors where such conditions exist. The
shielding properties can be considered in a more classical circuit form in
such cases. ' o _

Also at low frequencies, the shape of the shielding surface can be sig-
nificant in detefmining its shielding properties. Specifically, the topology
of such a surface strongly influences the surface current density'in the pre-
sence of an exciting magnetic field. | ,

This note then addresses some topological considerations concerning the
design of subshields and low-impedance grounding networks. These questions
are considered in light of the general hierarchical topology for the design of
complex electronic systems [3,11]. Some of the points discussed here were
introduced in a previous presentation [5].




II. Surface Currents on Highly Conducting Subshields 1in Low-Frequency

Magnetic Fields

Subshields are an important part of electromagnetic topology [3,4].
These are the closed surfaces (connected, i.e., not in two or more separate
pieces) that form the basis of our electromagnetic shielding. More than one
such subshield may be part of our chosen electromagnetic topology. Here
attention is given to the topological properties of individual subshields and
how these influence the interaction with electromagnetic fields. '

There are various measures one might use to estimate shielding effec-
tiveness. For aperture penetration, one is often concerned with the electric
and magnetic fields which would be present if the aperture were closed (the
short-circuit fields), at Teast for electrically small apertures [12]. In
this note, let us consider the simple case of uniform Tow-frequency magnetic
fields incident on the exterior of individual subshields (assumed to be per-
fectly conducting). In considering subshields of different topological prop-
erties, let us look at the surface current densities on electrically-small
subshields in uniform magnetic fields.

Let us compare some canonical examples. If our subshield is a perfectly
conducting spherical sheet of radius res we have the well-known result [7,9]
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Hinc = HincTh = incident magnetic field

It

Th = direction of incident magnetic field

J = surface current density

S
Js = 13l

Similarly, for a circular cylinder of r_adiusvrC with the incident magnetic
field parallel to the cylinder axis
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and for the case of the incident magnetic field perpendicular to the axis of

the circular cylindér

max - » , o (2.3)

H1'nc

Contrast these results with the case of a circular Toop (toroid) of
major radius a and minor radius b with b << a for which we have an inductance

[9] : v
L = an[}n (%%J - 2}. (2.4)

For an incident magnetic field pefpendicu]ar to the plane of the loop, the
current in the loop can be estimated from the open-circuit voltage for a
slowly changing magnetic field via

- d . 2 d
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The surface current density is given by

L L
L}s - 27mb
(2.7)
JS :_é_[:gn (_8_51)_2}‘1
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These cases are illustrated in fig. 2.1.
Comparing these examples, we can see some general resuits. The first
three examples (as in figs. 2.1A, 2.1B, and 2.1C) all have the surface current
density of the same order as Hinc' waever, the fourth example (in fig. 2.1D)
has a ratic of JS to Hinc which is considerably larger, being proportional to
(a/b)/en(a/b) for large a/b. One might then determine what topological property
is associated with this large difference. .
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B. Circular cylinder: magnetic field parallel to axis

C. Circular cylinder: magnetic field perpendicular to axis

D. Circular Toop: magnetic field perpendicular to plane

Fig. 2.1. Canonical Examples for Surface Current Densities on Perfectly
Conducting Objects in Low-Frequency Magnetic Fields
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A sphere might be considered a "short, fat" object. A circular cylinder
might be considered a "“long, slender" object, but they both have about the ‘
same Js/Hinc ratio. A sphere is a closed surface. Similarly, if the circular
cylinder is truncated with a long length-to-djameter ratio, it can be made a
closed surface with about the same Js/Hinc ratio. Alternately, one could
consider a long slender prolate spheroid with about the same results. So the
"Tength-to-diameter" ratio going from a sphere to a long, slender cylinder
does not seem to make a large difference.

Contrast to this the case of the circular loop for which the surface
current density can be much larger. The reason for this is the large area
enclosed by the closed loop compared to the area of the loop conductors. A
rectangular or elliptical loop has a similar response. This leads to a topo-

logical result. Closed loops have large Tow-frequency maghetic-field responses.

Thus, one may wish to avoid loop-like structures in the design of subshields
in some cases.
Note that in the circular Toop in fig. 2.1D if b/a approaches 1 the
above discussion does not apply. The above results are an approximation valid
for loop-conductor area small compared to area enclosed by the Toop. .




ITI. Topology of Subshields

Now let us formulate the results of the previous section in more formally
topological terms. Consider how to define a subshield. There are various
topological terms relevant-to surfaces in three-dimensional Euclidean space
which we use for defining a subshield [8].

Subshield:
a. connected surface (all in one piece)

b. manifold (a connected surface 3 near each point it is
" homeomorphic to an open disk)

c. closed surface {bounded and has no boundary)

d. two-sided surface (orientable, divides space into inside
and outside)

This definition itself uses some terms worth discussing.

Connected:

In a topological context, two sets are connected iff a path
can be constructed from any point in one set to any point in
the second without leaving the union of the two sets.

Bounded:

A set is bounded iff it can be contained in an open ball
(the interior of a sphere, not including the boundary sphere).

Open:

An open set does not include its boundary. In the case of a
surface, each point has a neighborhood (homeomorphic to an

open disk) D one can construct a path around this point
sufficiently close to the point so as to remain in the surface.

Homeomorphism or topological transformation:

This is a transformation which is continuous and has a con-
tinuous inverse transformation. In other words, it is a
one-to-one transformation in which points in one set that
are sufficiently close to each other correspond to arbitrarily
close points in the second set, and the converse.
For a deeper discussion of these points, the reader may consult various books
on topology. Figure 3.1 illustrates some of the above points with examples of
surfaces. Figure 3.1A exhibits allowable surfaces for subshields; fig. 3.1B

exhibits some surfaces that are not subshields.



simply connected multiply connected
surface: p =0 surface: p =2

A. Allowed for subshields

a—— not "disk-1ike"

T T

boundary

no end caps--
no inside
and outside

B. Not allowed for subshields

Fig. 3.1. Examples of Surfaces




Now, a basic topological theorem is [8]:

"Any closed two-sided manifold is topologically equivalent

to a sphere with some number of handles."
Such an object is illustrated in fig. 3.2. Cut 2p holes in a sphere and bend
p different tubes 3 their ends fit in these holes. Hence we have from our
definition of a subshield:

Theorem 3.1: Any subshield is homeomorphic (topologically equivalent) to a
sphere with p handles with

p=0,1,2,... (3.1)

O0f all these possible subshields, the case of p = 0 corresponds to no
"Toops" (or better, no handles) in the subshield in accordance with the dis-
cussion in the prevous section. This case of p = 0 then has special interest.

The case of no handles can also be considered from the viewpoint of
simple connectedness.

Simply connected surface:

A surface is simply connected iff every simple closed curve
in that surface can be deformed into a point while continuously
remaining in the surface.

Simple closed curve:
A simple closed curve is homeomorphic to a circle.

Figure 3.3 shows examples of simply and multiply connected surfaces. In each
case, a simple closed curve C is included on S to illutrate the above defini-
tion of a simply connected surface. Another test for a simply connected
closed manifold is:

A closed two-sided manifold S is not simply connected (i.e.,
is multiply connected) iff there exists a simple closed curve
€ in S which does not divide S into two unconnected paths.

For a subshield we then have

0 simply connected

e
11

(3.2)
p>1 multiply connected (with multiplicity p)

The special case of a subshield with no "Toops" (or handles) can then be
described as a closed two-sided simply connected manifold. Removal of Tloops



case of p = 3

Fig. 3.2. Sphere with p Handles: General Case of Subshield
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A. Simply connected

B. Not simply connected (multiply connected)
Fig. 3.3. Examples of Possible Subshields
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in the network sense from a subshield comprised of "conduit-1ike" conductors
can be obtained by making the subshield "tree 1ike" in the network sense, or
better, simply connected or have p = 0.

As a practical matter low-frequency shielding problems are sometimes
encountered in instrumentation systems which attempt to record slow low-Tevel
signals in the presence of significant noise. Such an instrumentation system
might have a subshield (typically the outermost shield 51;2) as part of its
electromagnetic topology. Imagine, if you will, one or more instrumentation
vans as part of this subshield together with various conduit-like structures
connecting the van shells and some arrays of sensors together for shielding
and "ground" reference. Two examples of this are illustrated in fig. 3.4.

In fig. 3.4A, note that the "conduits" form a "loop" or handle in connecting
the "van shells." Contrast this with the case in fig. 3.4B in which there are
no handles and hence no loops in the circuit sense, even for a rather elabor-
ate Tayout of "conduits" and "van shells" (in a generalized sense). Looking
at this last example, note that it illustrates what is both a tree in the
circuit or network sense and a sphere (with no handles) in the surface sense.
Noting the historical German influence on topology (e.g., well-known connec-
tions to Mdbius and Euler), let us name such a subshield as a

Baumkugel = tree-sphere

Baum = tree (3.3)

1t

Kugel sphere

Baumkugel = subshield with no handles or simply connected subshield

12




A. Multiply connected subshield

Dies ist eine Baumkugel.

B. Simply connected subshield

Fig. 3.4. Examples of Subshields (for Instrumentation Systems)
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Iv. Inciusion of Grounding Networké in Volume/Surface Topology

"Grounding" is a term often misused in electrical engineering practice.
It is a term which is sometimes given some absolute status even though some
frequencies of concern have wavelengths small compared to the distance from
the conductor to be "grounded" to the "ground" for the system, as if by some
magic, connecting a conductor between these two distant "points" (or modes)
will solve all electromagnetic interference problems. This absurdity results
from an inadequate view of the electromagnetic interference problem, particu-
larly at high frequencies. An adequate grounding system must be consistent
with other electromagnetic concepts, such as shielding, particularly at high
frequencies. One cannot cavalierly run grounding conductors in systems with
shielding as though the shield conductors were not significant. It is pre-
cisely such an attitude which can result in a destruction of the effectiveness
of the intended shielding. Cutting holes in conducting shields and running
(insulated) wires through these holes is one of the worst things which one can
generally do and which should not be tolerated [2].

Our problem is to formulate the electromagnetic topology of grounding
conductors in such a way that they do not violate the topology of the sub- ‘
shields in our electronic system of concern. Basically, in a topological
sense, we work down from the top, beginning with volumes and surfaces in three-
dimensional Euclidean space to include branches and nodes in a circuit sense.

For some systems, low-frequency interference is sufficiently troublesome
and the subshields have sufficiently small L/R time constant to be ineffective
for this part of the interference. Noting that practical subshields are typi-
cally mostly highly conducting metal, one needs to consider these conductors
as well as others as part of a "grounding" scheme. Given a hierarchical
volume/surface topology [3,4] then let us consider the grounding network which
interconnects the subshields as well as the electronic equipment.

Figure 4.1 shows some simple considerations for “"grounding" subshields.
Figure 4.1A shows an example volume/surface hierarchical topology. Not only
are the sublayers and subshields indicated, but other topological “"grounding”

entities are introduced. In particular, we have oriented (or two-sided)
ground nodes corresponding to each subshield and ground connections {or
branches) connecting these nodes. Note that since ground conductors are not

14
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Vl,l VA,Q Z sublayer
S . = subshield
‘ 225241, 0,
/’_\\\_, shield
W ey proper
subshield
q> oriented
"ground" nodes

Ao~ ground”
connections

S

1,152,1

7777 777777 VA A A A A A a4
possible earth ground

A. Volume/surface topology with grounding connections

I
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"earth |
ground" |
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| exterior I
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| y l 3.2
l l
| l l
layer V1 V2 V3 v,

B. Grounding graph

Fig. 4.1. Grounding of Subshields in Hierarchical Volume/Surface Topology
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allowed to penetrate subshields it is important to identify on which side

(inside or outside) of the subshield the ground connection is made. Each

connection is then contained within some one sublayer, but may connect to

the boundary subshields of that sublayer only on the side of each boundary
corresponding to that same sublayer.

Figure 4.1B shows an equivalent grounding graph which emphasizes the
grounding nodes and connections. Note that there is only one oriented node
for each subshield. This convention means that no matter where one physically
connects to a subshield, it corresponds to the same grounding node. Hence,
in our example, the two connections to the exterior of 82’1;351 are connec-
tions to the exterior side of the same node in fig. 4.1B. In this example,
the grounding graph is a tree graph and the earth ground corresponds to an
artificial reference subshield. Note that the grounding graph is not the
same as the interaction sequence diagram or dual bfpartite graph for the
volume/surface topology.. This can be seen by a comparison to this same
volume/surface topology as illustrated in fig. 2.1 of a previous note [4].
However, the volume/surface topology does introduce some similar ordering in
the two graphs because of the requirement that ground connections do not cross
subshields. '

Generalizing this discussion, let us define

Grounding network:
graph consisting of

Cb oriented ground nodes (vertices) corresponding
to subshields

O unoriented ground nodes (vertfces) within
sublayers, and

L ground connections (branches or edges)

Now, in such a grounding network, since ground connections are restricted to
not cross subshields, one can partition the grounding network by splitting the
oriented ground nodes. This gives a set of grounding subnetworks where each
subnetwork is contained within a particular sublayer. There afe asrmany
grounding subnetworks in general as there are sublayers in the volume/surface
topology.

16
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Consider then the design of sublayer grounding subnetworks. An example

is given in fig. 4.2. In the sublayer VA , We have

ng; = nth ground node
(4.1)
aném) = connection between nth and mth ground node where
’ such exists
In our example we have
n=1,2,...,7
oriented nodes for n = 1,2,3 (4.2)

unoriented nodes for n = 4,5,6,7

Note that there are three subshields bounding VA,Q in this example. Note also
that connections to a given subshield, even if in two (or more) locations,
still connect to the same "node' with the same symbol. Furthermore, not all
pairs of ground nodes have direct connections between them in this example;
there are six connections between the seven nodes in this tree graph. Ideally,
the ground connections have zero D.C. impedance.

In the sublayer grounding subnetwork, additional ground nodes (unoriented)
have been introduced. These can serve the role of "equipment grounds" or
"ynstrumentation grounds." They serve as local ground reference for whatever
one may need and can be arbitrary in number to serve one's D.C. (i.e.,
sufficiently low freguency) requirements.

In desiqning a sublayer grounding'network for VK,R’ we have numbers of
grounding nodes as

(s) _ . .
NA’Q = number of subshields bounding VA,Q
= number of independent oriented grounding nodes
NiEg = number of "equipment" ground nodes inside Vk 0 not
’ including the boundaries ’ B
= number of unoriented ground nodes (4.3)
(6) _ y(S) (E)
Ne TN "N

il

total number of independent ground nodes in VA 3

17
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Fig. 4.2.
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Similarly, for ground connections we have

(C) - ., - -
NA,£ = number of ground connections in V>\’2 (4.4)

The number of ground connections is bounded as

C 1 ,(G G
0 sNg,ng?N&’?&[Nﬁ’gv - 1] (4.5)

which merely expresses all possible connections of Ng?g things taken two at a
time and no connections at all as the limiting cases.

Some sets of ground connections may give superior grounding network
designs from various low-frequency viewpoints. Section 2 of this note has
discussed the undesirability of loops in the presence of a low-frequency
interferring magnetic field. For our sublayer grounding subnetwork to have
no loops (closed), the number of connections must be no more than the number
of nodes minus one. One may also wish that all the grounds be connected via
some path in the grounding network for, say, instrumentation and/or safety
reasons. This requires that the number of ground connections be at least as
great as the number of ground nodes minus one. These points are covered in
standard circuit theory texts [10]. Summarizing we have

< NiGé -1 for a constraint of no loops
N(C) = } > N(G> -1 for a constraint of no floating grounds
A, ’ AR :
= Nﬁeg -1 for a constraint of a tree graph in
\ i which both above requirements are met

(4.6)

Thus, analogous to a subshield design as a sphere with no handles, or Baumkugel
(tree-sphere) in section 3, we have a tree sublayer grounding subnetwork in
this section.
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V. Summary

In this note, we have explored some of the implications of shielding
against low-frequency magnetic-field interference, particularly in the con-
text of a shielding design which is to be effective at higher frequencies as
well. This is begun with the more general volume/surface electromagnetic
‘topology consistent with Maxwell's equations and the control of electromag-
*netic fields in volumes by the control of electromagnetic parameters on
closed boundary surfaces. Then low-frequency circuit considerations are
added in a manner consistent with this. A special type of sublayer (Baumkugel)
and a special sublayer grounding subnetwork (tree) are derived. This is not
to say that such Tow-frequency considerations are always important. However,
one must be careful if one has a more general (higher frequencies included)
shielding probliem to not violate the volume/surface topology by the low-
frequency techniques used.

It is interesting to note that by the inclusion of grounding networks
in the volume/surface electromagnetic topology -we have a topological model
that includes volumes, surfaces, lines, and points. These are the four
possible types of topological entities in a three dimensional space [6].

This is summarized in the following table. Note that our present discussion
has not considered the Tow-frequency inplications of elementary volumes and
elementary surfaces; perhaps some further development wouldjgive some further
insight.

20




Number of Topologicat Specific Pictorial Algebraic
Dimensions Category Types Symbol Symbol
3 volume (V) Tayer vy
sublayer Vk 1}
elementary v
voTlume ARt
2 surface (S) shield T~ Sy 1
subshield *H?w*H+a*H*
proper S ] |
subshield) | 7o%3AFl.e
elenentary | _o== | S el
! Hine A | o
(ground >
connection
C)
0 point oriented (D Gﬁn%
(ground , ’
node G) unoriented O
Table 5.1. Topological Entities in Three Dimensional Space
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