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the field inside a continuous enclosure is a monotonically - %s'
decreasing function of frequency. At frequencies above cutoff, L
the fields in both slotted and continuous enclosures show very Ex
comy.lex behavior associated with cavity resonances. N
_ P
The frequency domain series for the internal magnetic fields ;Q.
were transformed into time damain expressions which were used to -
plot the transient response of the internal magnetic fields at -
various locations when one wall or one slot is exposed to time— o
varying external fields. It was found that the properties of the NN
field inside a continuous enclosure are determined to a great T
extent by the characteristic diffusion time of the enclosure wall Aty
and the duration of the incident field. The former determines the - o
rasicst rise time of the internal field and the latter determines =
its largest value. The transient field inside an enclosure with an o
air-filled slot consists of the sum of two parts: the stationary .;:
field and the propagating field. The stationary field dominates }:
close to the slot where it forms a reduced replica of the external oy
field. 1Its peak field decreases rapidly with distance from the o

9,

slot so that at most locations it is negligible compared to the

~
propagating field. The latter travels at approximately the speed 5:1
of light and undergoes repeated reflections from the walls of the 7
enclosure. The peak value of the stationary field depends N
principaliy on the length of the slot, while the peak of the oy
propagating field depends on the rise time of the external field. - ;
That is, longer slots produce larger stationary fields and faster S
rise times produce larger propagating fields. e
N
Calculations bkased on the frequency domain expressions were R
used to compare the theoretical results with two sets of experi- )
mental data, and satisfactory agreement was found. B
N
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1. INTRODUCTION

An electromagnetic shield is a structure fabricated from
one or more sheets of electrically conducting material, usually
copper, steel, or aluminum, that is used to reduce the intensity
of electric and magnetic fields entering a designated region (the
shielded volume) from external sources such as antennas, trans-
mission lines, lightning, and electromagnetic pulse (EMP). It
does this by forming a barrier between the shielded volume and
the source that reflects and absorbs most of the electromagnetic
field before it can enter. Shields can be simple open structures
such &as a single flat sheet of steel placed between a source and
the shielded volume. Or, they can be much more complicated closed
form structures that approximate continuous metallic shells. The
latter are usually circular cylinders or rectangular parallelepi-
pipeds (boxes). The volume enclosed by such a shield may, or may
not, coincide with the shielded volume. It does if the source of
interest 1is located outside of the enclosure. However, if the
source is inside, then the shielded volume is the (unlimited)
region outside the enclosure. On the other hand, if there are
sources of interest both inside and outside, then both regions
are shielded volumes with respect to one source or the other.
That is, a closed shield may be used to exclude designated fields
from a limited region, it may confine fields to a limited region,

or it may separate the effects of two sources by excluding the
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fields of one source from the region while confining the fields

0%

]
Il
»

of the other source. }1
-.',

Closed-form shields are prefered to open shields for most X

-.').

LR

‘:1

applications because of their generally greater efficiency as

Eod

measured by the reduction in field intensity at a given location O

L
y A

[y

when that location is included in a shielded volume. The reason

L)
* .

for this 1is simply that they usually have smaller open (non-

G

~
s

4

metallic) areas through which fields can reach the shielded vol-

“r "
”

ume without incurring the large reflection and absorption losses ;S
P
associated with direct penetration of the metal barrier. Open i;
shields, by their very openness, usually provide relatively large %
areas where incoming fields can byvpass the metal barrier. For ex- ‘E
ample, a shield consisting of a flat, rectangular, steel sheet of %:

modest thickness exacts huge losses on the part of the incoming
field that takes a straight line all-metal path to the shielded
volume. If this were the only path to the shielded volume, its

efficiency would be very high. However, this structure also pro-

>
)
vides longer but less lossy paths through the (infinite) area at :S”
and beyond the perimeter of the sheet by which part of the field

can reach the shielded volume through the process of diffraction.
This diffracted field usually dominates the directly transmitted i"_
field and, thus, severely limits the efficiency of the shield.

Without changing the frequency of the source field, the only way

.
v e .

the efficiency can be improved is by increasing the size (area)

L
« 8 &

of the sheet- an approach that is often impractical.
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A simple closed-form shield can be constructed from the ¥
rectangular steel sheet by bending it into a circular cylinder
and joining the adjacent edges with a continuous weld. Since the

L SR )
et -

L

diffraction field can now avoid all-metal paths only by entering

or leaving the enclosed volume through the finite (circular) i
&
areas at the ends of the cylinder, we can expect the efficiency ¢

of this shield to be significantly greater than that of =a flat 0y
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sheet with the same composition, thickness, and surface area.
Much greater efficiency can be achieved by welding steel sheets N
to both ends. These minimize diffraction effects and insure that g'
fields enter or leave the enclosure by all-metal paths. In this .
way, &a closed-form shield can be transformed into a continuous E
metal shell. i
®
By a similar process in which six rectangular steel sheets
are welded along their edges, a continuous metal shell can be .
constructed in the form of a rectangular parallelepiped. This g
enclosure, like the cylindrical enclosure, constitutes an ideal E
electromagnetic shield in the sense that its efficiency cannot i
be significantly improved without increasing the thickness of the :
shell or changing its composition. It does, in fact, realize the y
full shielding potential of a given thickness of steel in this ?
form. This structure is also ideal in the sense that it repre- i
sents a limit that can only be approached by practical shields. ;
11
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In practice, perfect metallic continuity must always be
sacrificed for access areas in the form of doorways, hatches, and
other entry points for people, equipment, or supplies. These
openings or discontinuities inevitably reduce the efficiency of a
practical shield below that of the ideal by allowing fields to
reach the interior by nonmetallic paths just as in the case of an
open shield. Thus, practical closed-form shields must be open to
some extent. To minimize their effect, large openings are usually
provided with metal closures (doors or panels) that are intended
(when in place) to establish continuity by maintaining metal to
metal contact at their boundaries with the rest of the shield.
Unfortunately, perfect contact between two pieces of metal cannot
usually be maintained except by welding or some other type of
permanent connection that would defeat the purpose of the open-
ing. Consequently, closures are almost never completely success-
ful in achieving continuity, although some may approach it. 1In
general, the effect of the closure is to replace an original
large opening by one or more smaller ones in the form of gaps
arranged along the seams where it meets the body of the shield.
These openings are frequently sufficient to reduce the efficiency
of the structure well below that of a comparable ideal shield,
and, if numerous enough and large enough, are capable of compro-
mising its performance. Consequently, the treatment of seam dis-
continuities is crucial to both the theory and practice of elec-

tromagnetic shielding
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This report presents a theoretical investigation of the
¢ rectangular enclosure as an ideal shield and as a shield with one
or more seam discontinuities in the form of narrow rectangular
slots. The investigation wuses &a recently developed shielding
® theory for generalized structures composed of flat metal sheets .:
to obtain general expressions for the electric and magnetic é-
fields at points inside continuous and discontinuous rectangular éé:
e enclosures when an external surface is exposed to fields from an ::-
arbitrary, time harmonic, electromagnetic source. These general E%'
expressions are reduced to explicit expressions when the source §€‘
¢ field is spatially uniform over the outside surface of the enclo- gj
sure and for the less restrictive case where the field is uniform &;
O,

over the discontinuity. The latter are used to calculate and plot

£ £

»
Cadice

»
:"-I

frequency domain fields at selected points inside both continuous

g

&%

and discontinuous enclosures. Comparison of the calculations

&

;x

b

shows the large effect of even small discontinuities on the

i
}

h
5

shielding effectiveness (efficiency) of the enclosure. Analogous

1

L 2 I 4
55

results are obtained in the time domain by computing and plotting

@

¥ W«

s
P

33

inverse LaPlace transforms of the frequency domain expressions

L] ,’l
«
e

$hd

for several types of transient source fields. In the case of the

8 %,
y
.

Say
.'.')

e
A

discontinuous enclosure these calculations reveal a very compli-

7,

cated time history for the internal fields due to multiple inter-

-
-

nal reflections.

The following section reviews the general shielding theory

based on impedance boundary conditions and summarizes its princi-

pal results. Section 3 uses these results to construct the gen-

13

I

s
s ‘e

W W L T TR L e W e M e e W e
4 ,»-P_‘-P o I‘.‘I_\'-f_.-l‘\'f\-(‘,_.f\-f‘.f__(

u . - - L] e .
A SRR

Y ] L I T e S T I e N PN T TR T
A " R A A A A A A A L A

>

P
P




- - tats “a0a”, o At -

b R el hd Cd - - o R _‘."- . . LA .".'-‘: TN e i s N UM et s AN AL gl ah .Y, A8

-
o
.'

Rk A

-.-'-

eral expressions for internal electric and magnetic fields as

doubly infinite series summed over the TEmn modes for a rectangu-

"{’J‘)";" ~_. ,I

lar waveguide. Fourier coefficients appearing in the series are

~
'l

evaluated in section 4 for the cases of interest, and, in section

5, the frequency domain series are transformed to the time domain

.

using term-by-term inversion . 1In section 6, calculations are

AR

T Lt

carried out using some of the expressions obtained in the preced-

\
»i
-

ing sections, and these are compared to measurements performed by 3

two groups of experimental investigators. ‘
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2. A SHIELDING THEORY BASED ON IMPEDANCE BOUNDARY CONDITIONS
*
In 1985, Monroe1 described a general theory of electromag-
netic shielding that improved on and extended the classic trans-
o mission theory of Schelkunoff.2 The new theory improved on the
old one by replacing its transmission line model and eliminating
certain unnecessary assumptions. The transmission line model was
t replaced by an Impedance Boundary Condition (IBC)3'4 which had
not previously been used explicitly to solve shielding problems.
This approximate boundary condition performs the same function as
‘ the transmission line model in that it allows one to represent
the field passing through a wall of the shield as a plane wave
traveling perpendicular to that wall. It also provides a way to
¢ calculate this field in terms of the source field incident on the
outside of the shield. Its advantage over the transmission line
model is that it can be applied to a very much 1larger class of
[ _
1R. L. Monroe, A Theory of Electromagnetic Shielding with
Applications to MIL-STD 285, IEEE-299, and EMP Simulation,
. Harry Diamond Laboratories, HDL-CR-85-052-1, Adelphi, MD
(February 1985).
28. A. Schelkunoff, Electromagnetic Waves, Van Nostrand, Prince-
. ton, NJ (1943).
3T. B. A. Senior, Appl. Sci. Res., 8 (B) (1960), 418.
'Y 4T. B. A. Senior, IEEE Trans. on Antennas Propagt., AP-29, No. 2
(1981), 826.
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L

sources and shields, including shields that have been rendered iy

\ discontinuous by one or more slot-like apertures. In fact, the ;
: >
: restrictions on applying IBC’s are so weak that there is virtual- R
i ly no electromagnetic shield to which an IBC could not be appli- g
l ed. Thus, with the aid of IBC’s, one can develop a theory of Py
L

o~

» shielding for a wide range of sources and shields that fall out- N

) A

; side the scope of Schelkunoff’s theory. ﬁf
-

-~

’

2.1 Impedance Boundary Conditions -3

Q"

o

p " ‘=u

! An IBC is a relationship between an impedance func- %u

! )
{ tion and an electromagnetic field at the interface between two ;
y "'l4
{ electrically distinct media where the impedance function charac- :i

terizes one medium and the electromagnetic field is defined in !v

Ny

o~

the other medium. In its most frequently applied form, the IBC N

relates tangential field components at the interface to the im- 3

pedance looking into one of the media. With the two media labeled “j,ﬂ

M1 and M2 as shown in figure 1, this condition can be written in 3‘

vector form as follows: f

— — -

n x (nx E1) = - n2 (n x H1) (2.1) -~

o N

where E1 and Hl are t.» electric and magnetic fields in M1, n is ﬁ»

a4

J the unit vector normal to the interface pointing outward from M2, i'
n2 1is the impedance looking into M2, and it is understood that o

{2.1) applies only at the interface. Equation (2.1) is an approx- ‘f

imation that cannot be used to replace standard boundary condi-

v
g -,

tions in the general case. However, in many cases of interest, it .
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IMPEDANCE BOUNDARY CONDITION

5%
.

X,

ol i

L. n x (nx EI) = -n2 (n x HI)

nxE: &;Q

=¥
0

(]
— o
nxXHi —, S

&
{;J‘

Y v XY Yy
P4 g
T LN

M1
(Ei1,Hi)

wn
YN B

L

'bﬁ,’.“\"\‘ ) |
4

L

s
"A -

P

Boundary M1, M:

Y
® i

L]
'y
,l "
«
P

[}
P
)

"
»

Figure 1. A medium M1 containing a source S and an

Ve
b5 01,
VY,

electromagnetic field El, H1 whose tangential components n

o
hll

z

7’

x E1 and n x Hl at the boundary between M1 and a second

“

5y
{ ~_»

medium M2 act as a primary source for the field

i
S

E2, H2 in M2. (Reproduced from ref 1.)
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has been shown that (2.1) is a valid approximation, and, in these
cases, the IBC can be used to simplify the problem of determining
the fields in M1 and MZ2.

This simplification derives from the fact that (2.1) de-
couples the fields in M1 from those in M2 in a way that does not

introduce s8spatial derivatives of the fields at the interface.
This means that E1 and Hl can be computed independently of the

fields (Eg,ﬁf) in M2 and that both sets of fields can be obtained

by applying standard techniques to Maxwell's equations. One first

solves Maxwell’s Equations for El and Hl using (2.1) to replace

M2 and then solves for E2 and H2 in M2 using El and H1 at the

interface to replace M1l. Since this two-step process will usually

be much easier than solving Maxwell’s equations directly for El,

1, E2, and ﬁf, the utility of (2.1) is obvious. Moreover, if one

is interested only in the fields in M1, then E2 and HZ need not

be computed at all. Conversely, if one is primarily interested in

E2 and ﬁf, then it is only necessary to solve for El and H1 at
the interface in order to determine the fields throughout M2. The
latter describes the usual situation in shielding problems where
the interior of M2 can be identified with the shield, M1 is the
region containing one, or more, electromagnetic sources, and only

the fields transmitted into the shielded volume are of interest.
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To take advantage of the IBC, it is necessary to establish

the validity of (2.1) at the interface that defines the problen

of interest. In general, this requires one to show that E2 and H2

propagate into M2 along n as approximate plane waves. One way to
do this is to show that the variation of E2 and H2 along n is

much larger than the variation of E1 and H1 at the interface in

directions transverse to n. Specifically, one can show that the
normal derivatives of E2 anf H2 are much larger in magnitude than

the transverse derivatives of El and H1 at the interface. Since
electromagnetic shields are intended to produce just such varia-
tions, it is not suprising that most of these structures will be
found to satisfy IBC'’s. Indeed, it can be argued that no struc-
ture can be an effective shield unless it does satify an IBC at
all points on its surface.

The validity of (2.1) has been demonstrated under relative-

ly weak restrictions in the case of a planar interface separating
two homogeneous half-spaces as shown in figure 2, where M1 is
free space and M2 consists of a material with complex permittiviy
¢2 and permeability p2. With this arrangement, equation (2.1) can
be written in scalar form as follows:

Elx = - n2 Hly ’ Ely = g2 Hlx at z = 0, (2.2)
where

n2 = (p2/62)1/2 (2.3)
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Impedance Boundary Condition y
El = -n2 Hly ' }31y = n2 Hl
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o
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Figure 2. Two half-spaces M1 and M2 with a planar f‘
interface where an impedance boundary condition is i:
N
'
satisfied by virtue of the relation pl el << |u2 €2]. Vo

L8
Iy

(Reproduced from ref 1.)

-,

20

RRRAR A ANARANRAAE




R N M N \‘:';
o)
ﬂ"_'
®
L
n
z.‘
D0,
and the fields are referred to a rectangular coordinate system ; \
24
with its origin at the interface and its z axis directed out of ®
~ ‘-r
- -\
M2 (n = iz). A condition sufficient to 1insure the accuracy of e,
. o
(2.2) is y
p] 14
| 2 €2 | >> ul el = Ho €o (2.4) »
. . o
where €2 is given by Iy
e2ze¢* - joze , ¥ (2.5) o
e
and € and K, are the permittivity and permeability of free "3
space. In (2.5), 02 is the conductivity ofthe half-space M2 and a &;
g
harmonic time variation of the form exp(jwt) has been assumed. }:
A
b
When (2.4) is satisfied, the fields in M2 are constrained
to propagate along the z axis (in the -z direction) like plane il
waves, and the validity of (2.2) is assured. The components E2x, 'ib
N
H2y, E2y, and HZX satisfy the one-dimensional, homogeneous wave [
equation with solutions of the form &3,
et
E2 (x,y,2) = E2_(x,y,0) exp(+2 z) 3’,;\:-
g%
H2y(x,y,z) = sz(x,y,O) exp(v12 z) (2.6) 5_
E2 (x,y,z) = E2_(x,y,0) exp(+12 z) -Qﬁ‘
y y e
H2 (x,y,z) = Hzx(x,y,O) exp(v2 z) f*
g,
where EZ2_(x,y,0), HZ (x,y,0), E2_(x,y,0), and HZ2 (x,y,0) are the ® .
X y y X 3}
the tangential components of the field transmitted into M2 at the ﬁ&'
I‘!.
interface z = 0 due to the fields in M1 and the propagation con- SF
S
]
stant v¥2 is given by [
12 = je(uz e2)'/% . (2,7) =y
When E2,(x,7,0), HZ (x,y,0), E2_(x,y,0), and H2 (x,y,0) are =T
6
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known, equation (2.6) can be used to compute the fields at any . {
.o

point in M2, 0
&

Equation (2.2) is frequently referred to as the Leontovich :{

d

Boundary Condition5 although it was apparently used before Leon- s
=~

tovich by Rytov,6 Alpert,7 and Feinberg8 during World War II in aﬁ{

L4

Moy

their work on ground wave propagation. Since then, these and ;:
A

other investigators have shown that (2.2) is not limited in ap- - g*
plication to half-spaces but can be applied directly to more tf
I"‘-
complicated structures. For example, if the half-space M2 is re- Qw
-1

placed by a sheet of the same material with a uniform thickness d . :
>

as shown in figure 3, then the fields inside the sheet still sat- S,
isfy the one-dimensional wave equation and propagate like plane E:
.".“‘4

AN

waves parallel to the z axis provided (2.4) remains valid. The i
IBC is again applicable at z = 0 in the form given by (2.2) if an :j,
additional condition is satisfied: ?j
=

65, ¢ d (2.8) .3

where ;&
e )
6, = 1/v | Im((uze2)!/%) | {2.9) ]

o

is the skin depth of the sheet (M2.) The skin depth is a measure -'
20

5 M. A. Leontovich, Investigation of Radiowave Propagation, Part :T
o
I1, Moscow: Academy of Sciences (1948). b
6 %
S. M. Rytov, J. Exp. Theor. Phys., USSR, 10 (1940),180. Q}
7 :-.::'
1. L. Alpert, J. Tech. Phys. USSR, 10 (1940), 1358, NN

L

", !

»

8 E. L. Feinberg, J. Phys. USSR, 8 (1944), 317. o
<
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Figure 3. A planar sheet of uniform thickness d

separating media where an impedance boundary condition

is satisfied at z = 0 by virtue of the relations
L Hl €1 << |pu2 e2| and 5, < d. (Reproduced from ref 1.)
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of the rate at which the magnitude of the field decreases as it . ;'
ol

propagates in M2. Since fields decrease in amplitude by a factor {:
— -.,

of e 1 = 0.37 = 8.5 dB while traveling a distance equal to one ::
e

skin depth, condition (2.8) means that fields making a round trip >
from z = 0 to z = - d and back to z = 0 will be reduced by at g
least a factor of e—2 = 0.14 = 17 dB. This condition is necessary 3?
A

to prevent fields reflected at 2z = -d from reaching z = 0 in “
sufficient strength to interfere with EI and HI at the interface ti
N

and render (2.2) inaccurate. This also means that internally re- ::
A

ey

flected fields at z = 0 can be neglected and that the fields at =z

-,

+
[}

= 0 traveling into M2 are again given by (2.6). In other words,

L v
WLl

(2.8) eliminates standing waves in the sheet, and a.lows one to

4
3

represent the fields propagating into the sheet at z = 0 as sim

.
- e 0
vt
< -

ple traveling waves just as in the case of the infinite half-

.

space. Condition (2.8) is easily satisfied by most electromag-

PR S B

. a2t

%0 s N
e

netic shields composed of flat sheets since these structures are

¢ l'
v Ty
(s
-

designed to reduce the fields reaching z = -d by far more than :?
o
8.5 dB. In fact, it will usually be found that quality shields {:
l\'.
satisfy the much more stringent condition 68 << d at most fre- ;'
quencies of interest. :i
If a rectangular slot is cut through the uniform, homogen- ﬁi
eous sheet in figure 3 and the rectangular volume of the slot is ;:
SIF
filled by a material with permeability u2' and permittivity e2°', :;:
‘-.\'\.
then the sheet is rendered locally inhomogeneous and anisotropic Ny
\'!
Y
- inhomogeneous because the effective permeability, permittivity, ®
BN
N
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and impedance of the slot differ from those of the solid sheet C:

2

) and anisotropic because these quantities depend on the orienta- -a
tion of the slot. If the slot is oriented as shown in figure (a), E:

oSN
then Elx and Hly will see a different impedance looking into the F:v

l® slot than will E1_ and Hl1_ . With these two impedances denoted 72 2™
y X X (]

and q%, a generalized IBC can be written 3:
iy
Elx = - q% Hly ) Ely = q§ Hlx ) at z = 0 (2.10) Pi;
oAy

® where q% and q% are functions of x and y, p2' and e¢2', and the ';‘
oy
dimensions of the slot are a and g. A similar IBC can be written ﬁ;‘

o

~
for the vertical slot shown in figure 4. kvf

i

* A condition sufficient to insure that the fields in the ’i’
slot EZ;, H2§, E2§, and H2§ propagate parallel to the z axis 1in :;:
N
the manner of plane waves is e

WO
\.-_

o g | 1/2 b
) << 20 = (po/eo) i (2.11) %i,

| g ! '-._-;

Since q% and q% can be defined in terms of effective slot 23?
permeabilities and permittivities, i’

fl

1 R

g = (ppreg)t’® .

(2.12) '}-:".

02 = (u2/e2)%/% o

y y ¥ e

(J
where p2 , w2 2> p . Condition (2.10) then implies S

X y o NN

s
| bz ez | i
>> Ho €6 {2.13) :\;-

2 €2

| ug eg | e

which is completely analogous to (2.4). The fields in the slots 'ﬁi
)

‘7
e
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(a) Horizontal Slot y IBC at x=y=0
A [Et=rnz (c.o)HYy
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{b) Vertical Slot /\
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Figure 4. Impedance boundary conditions at the center :‘
>
of horizontal (a) and vertical (b) slots. (Reproduced s
o
from ref 1.) A
A
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satisfy separate homogeneous wave equations corresponding to q%
and q%. The solutions to these equations give the following
expressions for the slot fields at z = 0 propagating in the -z
direction:

E2§(x,y,2)

E2§(x,y,0) exp(12x z)

H2§(x,y,z) = HZ&(x,y,O) exp(12x z)
(2.14)
E2§(x,y,z) = E2§(x,y,0) exp(12y z)
H2.(x,y,2) = Hz ) (x,y,0) exp(vzy z)
where the propagation constants are given by
"2, = o ug / ng
¥y2 = (2.15)

j 2 2 .
y Jw Hg / ng

For air-filled slots with dimensions that are small com-

pared to the wavelength of E1,H1, the slot permeabilities y% and

p% are real and equal to the permeability of free space Ho and

the slot impedances are

q% 2 Jjw Lx
(2.16)
2 &% jw L
g = 9 %y
where Lx ' Ly > 0 are inductances. In this case, (2.15) reduces
to 1% = M, /Lx and 1% = M /Ly . Equation (2.14) becomes
E2i(x,y,z) = Ezi(x,y,O) exp(z po/Lx)
H2§(x,y,z) = H2§(x,y.0) exp(z yo/Lx)
(2.17)

EZ}(X.y,Z) E2§(X.y.0) exp(z #o/Ly)

HZ;(x,y,z) H2i(x,y,0) exp(z pc/Ly) .
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The latter show that the slot acts like a waveguide below cutoff
resulting in an exponential decay of the slot fields for z < 0.
The rates of decay depend primarily on the dimensions of the slot
a and pg. As a and g decrease, Lx and Ly also decrease, and the
rate of decay increases. The air-filled slot is a structure of
considerable importance in shielding theory since Jarva 9 has
shown that it can be used as a working model for the most common
types of defects (discontinuities) that occur in practical
shields

The slotted sheet like the homogeneous sheet must satisfy
an additional condition involving skin depth and sheet thickness
in order to insure that (2.10) is valid at the interface between
Ml and the slot. Here there are two skin depths, 6x and Gy,

which in the case of the air-filled slot c¢can be written as

follows:
6x = Lx/po
(2.19)
= L
Sy v/ Ho
and the condition (analogous to (2.8) is
6x
< d . (2.20)
8y
This condition insures that the impedance at z = 0 is unaffected
by reflections at z = -d. When (2.13) and (2.20) are satisfied,

the IBC (2.10) is a valid 1local boundary condition at the

interface between M1 and the slot, and the fields in the slot

9 Ww. Jarva, IEEE Trans. EMC, EMC-12 (1970), 12.
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e
traveling away from the interface are plane waves given by »:s
'.,'-
‘o N
P (2.14). If a sheet has more than one slot, then (2.10) can be '_;
applied at each slot provided the appropriate conditions are g;f
\'-'\\
satisfied and the impedances of the slots can be determined. ﬁ%,
>
LY
B2
2.2 Shielding by Continuous Structures Composed of Good g?‘
=)
Conductors ik
1* '
e
'®
IBC’s were developed originally to simplify external l&f
ANy
scattering and propagation problems in which the sole objective ﬁs‘
o0
is to compute the fields in Ml: ':
= _ %S —r :E‘
El = E1° + E1 s
(2.21) ot
N R [N
HI = HI® + HI® 3
’ b5
where E1° and H1” are the fields generated by the source and El 457
,:.‘_:.
— e
and Hl'are the reflected and diffracted fields in M1 due to M2, la
TSN
In most cases, the source fields are known functions of position };ﬂ
s
in M1 and the external problem reduces to that of determining the :;;
LY
g
reflected &»nd diffracted fields. An IBC applied at the interface &ﬁ
-
between M1 and M2 simplifies such a problem by decoupling the .?;
®
fields in M1 from those in M2. This allows one to solve the ex- ]
ternal problem without the necessity of solving the internal s;
— — A
problem for E2 and HZ2. However, in many applications, such as ir'
underground communication and electromagnetic s8hielding, the :it
internal problem is of equal or greater importance than the :i:
RN
external problem, and it is natural to ask if an IBC can be used N

29
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to simplify the problem of computing E2 and H2. It was shown by “-

Monroe,1 that an IBC can indeed be used to obtain appoximate

P "F?{‘ f‘)’f W e a

solutions to certain internal problems by relatively simple means

™
~
and that the latter lead naturally to formal solutions to a gen- '
eral class of shielding problems. EE
Monroe considers the problem of computing fields inside the Ez
generalized structure shown in figure 5 when it is illuminated by ’:;'
an arbitrary source S. The structure consists of flat sheets ESl, 'i
ESZ’ ...,ESm of uniform composition and thickness d attached con- g
tinuously along their edges. This structure includes both open- - ?
and closed-form shields as special cases where M2 corresponds to ii
the shield itself and M3 is the shielded volume. By specifying éz
the number, shape, and dimensions of the sheets, one can generate 'fi
4
the half-space and the infinite sheet described earlier and the )
rectangular parallelepiped among many other wuseful arrangements oL
of flat surfaces. Czhl
The composition of the sheets is assumed to fall into the Ef
class of materials referred to as good conductors, which is char- ;a
acterized by the relation: ..;ﬁ
w et < o2 (2.22) :
where e* is the real part of the complex permittivity (2.5) and g;
._"'
1 ) L . b
R. L. Monroe, A Theory of Electromagnetic Shielding with ?
Applications to MIL-STD 285, IEEE-299, and EMP Simulation, ﬁ
oy
Harry Diamond Laboratories, HDL-CR-85-052-1, Adelphi, MD k,Ef'
(February 1985). :b
“n
ps
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Figure 5. A generalized electromagnetic shield M2 with

an arbitrary source S. (Reproduced from ref 1.)

31

P A

Ll S S
P

‘e

" s
«
LTl

’

.

"
'



DAMAA LW syt i i 0 g

o2 is the conductivity. For these materials, n2 and 2 reduce to
172

(jw p2/02)
1/2

n2 (2.23)

12 = (jw p202) (2.24)

Since all primary materials used in shield contruction satisfy
(2.22) at all frequencies of interest. and since (2.22) is con-
sistent with (2.4), it is clear that Monroe did not impose a se-
rious limitation on the theory by restricting it to structures

composed of good conductors. On the other hand, by accepting this

g

limitation, one is able to simplify the theory wusing the well- E?
known factlo that the net tangential component of the magnetic . y‘
field at the surface of a good conductor is approximately equal %ﬁ
to twice the corresponding component of the incident (source) §E~
o

field. 'Tg:‘
The objective is to obtain formal expressions for the elec- ﬁ?*

tric and magnetic fields transmitted into the shielded volume M3 2;‘
at any point P'(x,y,-d) on the inside surface of ES1 due to field fi
from S incident on the outside surface of ES1 (z = 0) where the ;i
fields are referred to a rectangular/cylindrical coordinate sys- Eg
tem that is consistent with the system used to define the 1IBC. ﬁy'
The origin of this system is located on the outside surface of g?
ES1 and the positive z axis points away from M3. For convenience, E:j
A,

)

10 R. B. Adler, L. J. Chen, and R. M. Fano, Electromagnetic

BN IR
Vo
.

Energy Transmission and Radiation, John Wiley and Sons, Inc.

N.Y. (1960) p 432. -
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the source is located on the z axis, the origin is located at the res
I'\J'

o

geometrical center of ESl, and the x and y axes are oriented N
parallel to the edges of ES1 as shown in figure 5. f“'

]

The transmitted fields at P’'(x,y,-d) are computed in terms -~ )

of the tangential components of the source magnetic field inci- g
dent on ES1 by a five-step process: In the first step, the IBC is (}f
used together with standard boundary conditions to show that the ;f}
T

x and y components of the electric and magnetic fields at z = O Pk
@
in ES1 can be written in terms of the corresponding components of ?Q¥
W

the magnetic field in M1. That is, -

j..

B2 (x,¥,0) = - 2 H1_(x,y,0) ‘

ASH

sz(X,y,O) = Hly(x’yro) :::":u"'
(2.25) )
E2 (x,¥,0) = 02 Hl_(x,y,0) \*

HZ (x,y,0) = H1 (x,y,0) . !_

W

The second step uses the previously noted property of good con- ﬂ:f
\-;\.
ductors to write Hlx(x,y,O) and Hly(x,y,O) in terms of the cor- }:’
o

responding components of the source magnetic field: ®
TN

H1 (x,v,0) & 2 H1>(x,y,0) e

. (2.26) R

H1 (x,y,0) & 2 H1_(x,y,0) ‘:'_."

y y A

and subsitutes these expressions in (2.25) to obtain 4;‘
LS
E2_(x,y,0) = - 2 n2 Hl:(x,y,O) :}_}-‘\.
Y
s )
sz(X»Y.O) = 2 Hly(x,y,O) E§E‘

s (2.27) P
E2_(x,¥,0) = 2 n2 HIZ(x,5,0) 21

i

o

N 4

R

Eff
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HZ_(x,¥,0) = 2 H1}(x,¥,0).
The next step is to substitute (2.27) into (2.6) to obtain ex-
pressions for the plane wave fields in M2 traveling toward M3 in
terms of the tangential components of the source magnetic field

incident on ESI:

E2_(x,¥,2) = - 2 n2 Hl;(x,y,O) exp(12 z)
H2y(x,y,z) = 2 Hli(x,y,O) exp(v2 z)
(2.28)
E2y(x,y,z) = 2 n2 Hli(x,y,O) exp(v2 z)
HZ_(x,y,2) = 2 H13(x,y,0) exp(+2 z)

where n2 and v2 are given by (2.23) and (2.24). Next, the plane
wave fields incident normally on the interface between M2 and M3
are obtained by evaluating (2.28) at z = - d:

sz(x)y’-d)

-2 n2 Hl?(x,y,O) exp(- v2 d)

H2y(x,y,—d) 2 Hli(x,y,o) exp(- 12 d)

(2.29)

E2_(x,y,-d) 2 n2 Hli(x,y,O) exp(- v2 d)

H2_ (x,y,-d) 2 n2 Hl:(x,y,O) exp(- 72 d).

These generate reflected fields in M2 traveling in the +z direc-

tion and transmitted fields in M3 traveling in the -z direction.
The final step 1is to compute the transmitted field at z = - d
from (2.29). This is done by multiplying (2.29) by appropriate

plane wave trnsnsmission coefficients. The result is:

E3 (x,y,-d) = - 2 g2 T H1§(x,y,0) exp(- v2 d)
H3_(x,y,-d) = 2 T, Hl;(x,y,O) exp(- 712 d)

(2.30)
E3_(x,y,~d) = 2 02 Tg Hli(x,y,O) exp(- 72 d)
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H3 (x,y,-d) = 2 T, Hli(x,y,O) exp(- v2 d)
where TE and TH are the transmission coefficients for electric
and magnetic plane wave fields incident normally on a planar sur-
face separating two dissimilar media. These coefficients are

given by:

Tg

2 n3/(g2 + n3)
(2.31)

Ty 2 n2/(n2 + n3)
where 2 is as previously defined and 73 is the impedance at
z = ~d looking into M3.

The preceding are formal expressions for the principal com-
ponents of the electric and magnetic fields at the surface of the
shielded volume (z = ~-d) for the generalized structure in figure
5. To obtain explict expressions for a particular shielding prob-
lem, it is necessary to determine the source fields Hli(x,y,O),
Hl;(x,y,O), and the impedance 3. For example, if S is an antenna

located a specified distance from ES then Hli(x,y,O) and

1)
Hli(x,y,O) can be computed using standard methods from antenna
theory. This was done in Monroe1 for Hertzian dipoles and small

rectangular loop antennas. However, if Hl:(x,y,O) and Hl;(x,y,O)

28. A. Schelkunoff, Electromagnetic Waves, Van Nostrand, Prince-

ton, NJ (1943).

1
R. L. Monroe, A Theory of Electromagnetic Shielding with

Applications to MIL-STD 285, IEEE-299, and EMP Simulation,

Harry Diamond Laboratories, HDL-CR-85-052-1, Adelphi, MD
(February 1985).
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are known functions or can be estimated from measurements, then

these quantities can be used directly in (2.30), and nothing more
need be specified about the source. This will be useful in many
cases where the source (or sources) generating Hl:(x,y,)) and
Hl:(x,y,O) is partially or completely unknown. Examples of the
latter include lightning strokes and NEMP (nuclear electromagnet-
ic pulse). By the same token, it follows that two or more sources
generating the same magnetic field components tangent to ES1 will
produce the same electric and magnetic fields in M3.

To determine 73, it is necessary to specify the geometry of
the structure. For open structures, n3 can usually be approxi-
mated by the wave impedance of the source. This was done by Mon-

roe for the case of an infinite flat sheet with {ree space on

either side exposed to Hertzian dipoles. In this case, the ap-

o

proximation is Jjustified by the evident fact that the structure ﬁf
of the field must be nearly the same on both surfaces of the 51
.
sheet since M1 and M3 are both of infinite extent. However, the ;%
same is not true, in general, if M2 is closed. In this case, the Ef
. . . Vv
structure of the fields in M3 usually has no simple relationship N
.
‘-‘, -
to that of the source field incident on ESl. Instead, the struc- b
®
ture of the fields in M3 is determined by the geometry of the en- .f1
closure and by its size relative to the free space wavelength of :ﬁk
the source field. If the cross section of M3 transverse to the =z o
@
o
axis is uniform (does not change) from z = - d to z = -L where L :x:
o
3
-
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denotes the surface of the sheet opposite ES1 , then M3 is equiv-
alent to the interior of a section of waveguide closed at both
ends. In this case, 73 will be determined by one or more of the
doubly infinite set of waveguide modes that this structure can
support. In Monroe,1 the principal features of fields transmitted
to the interior of a rectangular enclosure were approximated at
the point z = -d using a single rectangular waveguide mode- the
dominant TE mode. In section 3, this approach is extended by

10

expanding the fields as doubly infinite serjies over all TEnm
waveguide modes and applying equations (2.29) and (2.30) to each

mode at z = 0.

2.3 Shielding by Discontinuous (Slotted) Stuctures

Composed of Good Conductors.

If the structure in figure 5 is modified by cutting n
narrow rectangular slots through 'ES1 at various locations (xi,yi)
for i = 1,2,3,....n , where xi and yé are the x and y coordinates
of the center of the i-th slot, then the continuous structure is
transformed into one with multiple discontinuities. Using (2.10),

and (2.14) and a 5 step process analogous to the one used for the

1R. L. Monroe, A Theory of Electromagnetic Shielding with

Applications to MIL-STD 285, 1EEE-299, and EMP Simulation,
Harry Diamond Laboratories, HDL-CR-85-052-1, Adelphi, MD
{February 1985).
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continuous structure, Monroe obtained expressions for the fields
at the center of the i-th slot incident on M3 at z = - d and the
fields transmitted to M3 at the same point. These expressions
were then used to describe the principal features of the fields
at the center of a slot in one wall of a rectangular enclosure. A
similar process yields the following expressions for the fields
incident on the surface of the i-th slot at z = -d.

EZ;(x,y,-d)

2 ng H15(x,y,0) fe (x,y,-d)

x exp(-jwd ﬂé/qé)

1]
[\S]

H2;<x.y.—d> H1§(x,y,0) fh;(x.y,—d) exp(-jod p2/n2)

(2.32)

n
8]

Ez;(x,y,-d) ng H1 (x,¥,0) fe;<x,y,-d)

x exp(-jwd yé/qé)

n
[\

HZi(x,y,-d) H13 (x,5,0) fhi(x,y,—d) exp(-jud pé/qg)
where all quantities are as previously defined except the form
factors fei, fh;, fe;. and fhi which describe the spatial varia-
tion of the incident electric and magnetic field components at =z
= - d due to the i-th slot. The fields transmitted to M3 from the
i-th slot at z = -d are obtained from (2.32) by applying appro-
priate transmission coefficients. That is,

i

ES;(x,y,-d) TE

»

EZ;(X.Y;—d)

; H2;<x,y.-d)

TH

Hsi(x.y.—d)
(2.33)

E3;(x,y,-d) TE; Ez;(x,y,-d)

H3;(x,y,-d) TH; HZ;(x,y,-d)
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where the transmission coefficients are given by ?f
TEL = 2 3/(pd + 3) 2
x ° n ng n Ry
i _ ; . i
TH = 2 qg/(q; + n3) S
i ; (2.34) N
TE. = 2 3 + 03 8tn
o R
i _ -~
TH, = 2 qg/(qg + n3). 2
o
These formal expressions, like the corresponding expressions for }j
e
° continuous structures, require that Hli(x,y,O), Hli(x,y,O), and ’;’
n3 be specified for the source and structure of interest. Since &i
A
these factors are not usually affected by slots, the same values EE{
b
_‘f,\
. of Hl:(x,y,O), Hli(x,y,O), and n3 used for a continuous structure f:
RN
can also be wused for a slotted enclosure of the same size and N
-.':\
shape. However, in addition to these, the form factors $Q
. . . . \J.\
1 i N
. fex(x,y,-d). fh;(x,y’—d), fe;(x,y,—d), and fhx(x,y,-d) must also ‘é‘
be specified. A precise calculation of these factors will not be fﬂ:
attempted in this report. Instead we use approximations based on E;J
® the assumption that the slot is equivalent to a waveguide with o
walls composed of good conductors. These points are discussed :ﬁf‘
.':\‘
further in section 4 where the magnetic field in M3 is evaluated E:j
o
for a specific case. - "
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3. MODE EXPANSIONS FOR RECTANGULAR ENCLOSURES EXPOSED TO

ARBITRARY, EXTERNAL, TIME HARMONIC, ELECTROMAGNETIC FIELDS

The formal expressions in section 2 can be adapted to give
the fields that penetrate a rectangular enclosure by a process
analogous to the classical plane wave expansion technique where
an electromagnetic field is represented as the sum of an infinite
series of plane wavesll. Since any source field can be repre-
sented in this way, plane wave expansions have often been used to
simplify external problems (figure 1) by reducing the fields in
M1 to the sum of the source field and a series of plane wave
reflections from M2. Indeed, the same process could be applied to
the shielding problem by computing the plane waves transmitted
from M1 to M2. However, the impedance boundary condition makes
this unnecessary since it gives the plane wave fields in M2
directly in terms of the source fields tangent to the interface
between M1 and M2,

A different expansion is needed for the shielding problem:
one that can be used to relate the plane wave fields incident at
the M2/M3 interface (equations (2.29) and (2.32)) to the trans-
mitted fields at that interface and to the fields in the interior

of M3. Since a rectangular enclosure is equivalent to a section

11P. C. Clemmow, The Plane Wave Representation of Electromagnetic

Fields, Pergamon Press, Oxford (1966).
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of rectangular waveguide, the natural choice here is an expansion
in terms of the mode functions for this structure. Expanding
(2.29) and (2.32) into series composed of mode functions express-
es each of these plane wave fields as the sum of an infinite ser-
ies of plane waves each of which corresponds to a single wave-

guide mode. In effect, the expansions replace single plane wave
fields by an infinite number of elementary fields that are both
plane waves and mode functions. Each of these elementary fields
is incident normally on the M2/M3 interface and each generates a
reflected field in M2 traveling in the +z direction and a trans-
mitted field in M3 traveling in the -z direction. The transmitted
field at the interface can be computed in terms of the incident
elementary field by using an appropriate plane wave transmission
coefficient in the same manner that equations (2.30) and (2.33)
were obtained from (2.29) and (2.32). Since the transmitted field
at the interface is also a wavequide mode for the enclosure, it
can be used to obtain the field at any point inside M3 due to the
incident elementary field at the interface by representing th~»
field in M3 by the same mode and applying boundary conditions at
the walls and interface. 