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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
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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 .

16

- = e - 5 -~ . N U W RS T L S U P N B S P At e T N T
! N2 GG \"';’\"'-\-"'--"\-"'\""‘-"\"-\."-."\‘-"x"'\"-.'"\\\-\\'N"--'\-‘. -




e Sl Bt Sl Bk dul R ¥R Sl el N N & ad aa il A - .
P Rh e Boa Big BVe BUA NV WO ] P B Yl S N RN P S --.u..n.., IR |

L IO A -
2

-'-‘:
72

W

G

s, @

Oar

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
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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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Mi:p1,e1 ; Mz2:p2,e2

%
-y A
)
»",
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.)
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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.)
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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. The advantage to this approach is that
the total field at any point in M3 can be obtained by summing the
contributions at that point due to all the elementary fields in
the original expansion. This sum is a complete solution to the
shielding problem since it is the field inside M3 due to the

external source.
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3.1 Normal Mode Functions for an Enlosure Composed of a

Good Conductor

The shell structure shown in figure 6 is the ideal ver-
sion of the most common practical electromagnetic shield. It is a
special case of the generalized structure (figure 5) in the form
of a rectangular ©parallelepiped with walls composed of a good
conductor as defined in section 2. The walls enclose a volume of
free space (M3) with arbitrary dimensions A, B, and C. As in
figure 5, we consider fields from an electromagnetic source S
entering M3 through the front wall of the enclosure, that is,
through the wall directly exposed to the source. (If two or more
of the walls are exposed to the same source, or to a different
source, then the {echniques developed here can be applied to each
wall in turn, and the total field at any point in M3 can be ob-
tained by adding contributions from all the walls.) The rectang-
ular/cylindrical coordinate system with origin at the geometric
center of the outside surface of the front wall is oriented with
x and y axes parallel to the edges of the wall. With the +z axis
pointing outward, the inside surface of the front wall lies in
the z = ~d plane where d is the wall thickness, the inside sur-
face of the back wall lies in the z = -(d + C) plane, and the
outside surface of the back wall lies in the z = -(2d + C) plane.
Similarly, the inside surfaces of the side walls lie in the x = b

A/2 and y = :B/Z planes.
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(b) Front View

Figure 6. An arbitrary source S illuminating a

continuous enclosure in the form of a rectangular

parallelepiped with wall thickness d and inside

dimensions A, B,

and C.
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With this arrangement M3 is defined as follows
- A/2 ¢ x ¢ A/2
M3: - B/2 ¢y ¢ B/2 (3.1)

- {(d+C) ¢z ¢~d

and it is seen that for fields traveling into the enclosure along
paths parallel to the z axis, the M2/M3 region is a rectangular
waveguide driven at 2z = - d and loaded at z = - (d + C) by a
sheet with finite conductivity

The fields in M2/M3 can be represented most conveniently in
terms of the normalized TE and TM mode functions12 for the equiv-
alent waveguide. These functions are solutions to Maxwell’s equa-
tions satisfying appropriate boundary conditions at the side
walls x = + A/2 and y = + B/2. The two types of modes are dis-
tinguished by the fact that TE modes have no electric field com-
ponent in the z direction and TM modes have no magnetic component
in the z direction. In vector form, the TE mode functions refer-

red to the coordinate system in figure 6 are

- _ nm A nm A
enm(x,y) z Knm[ex (x,¥5) i + e, (x,y) 1y] (3.2)

~ ~

where ix and iy are unit vectors,

(mn/B) cos[nn(x + A/2)/A) sin(mun(y + B/2)/B]

eim(x,y)

e:m(x,y) - (nn/A) sin[nn(x + A/2)/A) cosimn(y + B/2)/B)

12R. E. Collin, Field Theory of Guided Waves, McGraw-Hill, New

York (1960).
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_ 2 2 1/2
Knm = [(nn/A) + (mn/B) ] [eoneom/AB]
€ and e are Neuman'’s factor:
on om
= 1 when n = 0
¢on

2 whenn > 0

and all other quantities are as defined previously. These func-
tions give the spatial structure of the electric fields associ-
ated with the TE modes. The structure of the transverse compon-

ents of the magnetic fields associated with the TE modes is given

by

Snm(an) = K e;m(xoy) i

nm "
« + e (x,¥) ly] (3.4)

nm[
where all quantities are as defined previously. Similar expres-
sions for TM modes can be obtained by simple transformations of

(3.2) and (3.4).

When Enm(x,y) and ﬁnm(x,y) are multiplied by factors of the
P form exp(+ rnmz) where ™ is the propagation constant for the
TEnm mode, the products are also solutions to Maxwell’s equa-

tions. That is, equations (3.5) and (3.6)

- -— nm
e n(x1y,2) e (X ¥) exp(+rz)

(3.5)
E:m(X.y,z) = h__(x,y) exp(+ r""z)
where
1/2
Sl (LN (3.6)
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and Ugm ia the cutoff frequency
1/2
Wl = nCo[(n/A)z + (m/B)z] (3.7)

are solutions to Maxwell’s equations at all points in the wave-

guide. When the exponential carries a "+" sign, (3.5) represents
TEnm mode fields traveling in the -z direction; conversely, a "-"
sign represents fields traveling in the +z direction. Furthermore

since Maxwell’s equations are linear, fields in the form

E3""(x,y,2) = E3""(x,y) Fg'(z)
{3.8)
H3™(x,v,2) = H3""(x,y) Fy'(z) ,
where
—5nm _ ,nhm _nm N nm_nm, N
E3 7 (x,y) = ¢ e "(x,y) i+ ¢y €y (x,¥5) ig
m nm _nm, N nm_nm N
H3" " (x,y) = ¢ ey (x,y) i_ + ¢y ©x (x,5) iy
nm nm nm (3.9)
FE {(z) = Cl1 exp(+r 'z) + C2 exp(-Ir "z)
F;m(z) = C3 exp(+rnmz) + C4 exp(-rnmz)
and g:m, g?m, c:m, c;m, cl, C2, C3, and C4 are constants, are

also solutions to Maxwell’'s equations. These expressions repre-

sent waveguide fields as sums of fields traveling in the +z and
-z directions, such as would occur if fields in the waveguide
were reflected between a driver and a termination. By applying

appropriate boundary conditions at the locations of the driver

and the termination, say z = -d and z = -(d + C), the constants
in (3.9) can be computed. With Fgm(z) and Fgm(z) determined,
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(3.8) becomes the correct form for the mode fields in a finite
section of waveguide driven at z = -d and terminated at z = -d -
C. That is, (3.8) becomes the correct form for the mode fields in
M3.

Although a determination of Fgm(z) and F;m(z) is ultimately
based on applying boundary conditions at the specfied locations,
we can obtain these factors directly without the lengthy calcu-
lations required in such a procedure by employing the fact that
the mode functions (3.8) satisfy standard transmission line equa-
tions. This fact establishes an exact mathematical analogy be-
tween the mode functions and solutions to transmission line prob-
lems that allows us to transform the latter into the former using
simple substitutions such as

Egnm(x,y,z) — V{2z)

ﬁgnm(x,y,z) — I(2z)

nm

r —_ 7 (3.10)
z™® _, k
o

where V(z) and I(z) are the voltage and current along the trans-
mission line, ¥ is the propagation constant of the line, k is its
characteristic impedance, Z1 is the load impedance, sz is the

characteristic impedance of the TEnm mode:

n_ Jw
nm (o]
ZNm _ 3.11

o nm jw 2 172 ( )
w 1 + j—
C nm

w
C
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and all other quantities are as defined previously. Since the
transmission line analog to the terminated waveguide is a line
driven at z = -d by voltage V(-d) and current I(-d) and termin-
ated at z = -d - C by a load impedance Zl’ the solutions to the
transmission line equations for this problem2

-Z cosh{+(C+d+2z)] + k sinh['t(C«O-d+z)].1

v(z) = v(-d) |-1
Zlcoshlvc] + k sinh[vC]
, ; (3.12)
k cosh[v(C+d+z)] + leinh[1(0+d+z)]
I(z) = I(-d)
k cosh[~+C] + leinh[1C]

L J
give the following solutions to the corresponding waveguide prob-

lem using (3.10):

E3 m(x.y,z) = E3 m(x,y,-d) Fgm(z)
—nm —nm nm (3.13)
H3 (x,y,z) = H3 ix,y,-d) FH (z)
where
E3"™(x,y,-d) = E3""(x,¥)
—nm ——m (3.14)
H3 (x,y,-d) = H3 (X,Y)
- n2 cosh[r™(c+d+z) ] + ngsinh[rnm(c+d+z)]
F. (z) =
E nz cosh(r™c) + zP™ sinh[r™c]
nm (3.15)
nm ngcosh[r (C+d+z)] + n2 sinh[rnm(c+d+z)]
FH (z) = n

Zomcosh(rnmC] + n2 sinh[r™®C}

2S. A. Schelkunoff, Electromagnetic Waves, Van Nostrand, Prince-

ton, NJ (1943).

A
o
i
)

48 %
L
=
o
\‘
?
. - - ., - q
AN A AN R A e e T e T AT A AR R AT RIS A T N NN SN g s
> ’ n"xflt"f\:"i N i“: ':.':. AN N .LY‘.'-':'{ WAV Y .08, 90. L"BP;A‘ .y LJLA—’L"L’L{M
« L . PO N - a

ot o




S alte®
LS T NN

‘\

™ -
\'ﬁx'

and the amplitude factors gzm, gnm, tzm, and g:m in H3"®(x,y) and

y
—onm . . .
E3" (x,y) are determined by the magnitude of the mode fields at 2z
= =-d. The same procedure using the well known expression for the
input impedance of a loaded transmission line of length C:

Zlcosh(1C) + k s8inh(+C)

Zi = k (3.16)
k cosh(+C) + leinh(1C)
gives the impedance of the TEnm mode at z = -d looking into M3:
cm nm |2 cosh(r®®c) + szsinh(rnmC)
n3 = Z (3.17)

o nm

z? cosh(r™™c) + p2 sinh(r™®c)
where all quantities are as defined previously. Both (3.13) and
(3.17) will be wused in the following sections to obtain the
fields in M3,

Mode functions have many other properties useful in the
analysis of waveguide problems. Among these is the fact that they
can be used to expand arbitrary electromagnetic fields as series
summed over an infinite set of discrete modes of a particular
type. That is, an arbitrary electromagnetic field with no elec-
tric field component in the z direction can be represented by a
series composed of TE mode functions. Similarly, an arbitrary
field with no Hz component can be expressed as a series composed
exclusively of TH mode functions. Since all TE and TH mode func-
tions are trigonometric, both types of expansions will be two

dimensional Fourier series over the waveguide cross section. For

example, if E(x,y) is an arbitrary electric field with no =z
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compcnent defined over the waveguide cross section, then it can x'
-
be represented as follows; !‘
© b
= - P!
E(x,y) = 2 2 Com€nm X! Y) (3.18) oy
n=0 m=0 ) P‘
where the Fourier coefficients C.m 8Tre 4
A/2 B/2 3

I J j E(x,y) - e (x,y) dx dy . (3.19) :f
-A/2 -B/2 -
The latter can be written in terms of the x and y components of '~
E(x,y) as follows: ;f
o

. S X 4 oY (3.20) b
nm nm na Pl
where !:
A/2 B/2 o

czm = K Ex(x,y) e:m(x,y) dx dy :5
-A/2 -B/2 i

(3.21) )

A/2 B/2 :Z

y nm i
Sm - ¥om J J E (x,y) e " (x,y) dx dy F\:
-A/2 -B/2 N

a_ A
»

b
T

and ezm(x,y) and e;m(x,y) are given by (3.3). Similarly, the -3
o)
transverse components of an arbitrary magnetic field can be aj»
. . . . —nm Y
expanded in a Fourier series using h (x,y). )
-
N
If the conductivity of the waveguide walls is finite, then Eﬂ
TE and TH modes are coupled at the walls and an expansion of an ﬁf
arbitrary field in terms of either TE or TH modes alone is not i'
7
Y
possible. Thus, the preceding is not valid in the general case. ::
<,
‘.
However, if the walls are composed of a good conductor as assumed ::
‘ol
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here, it has been shown that TE and TH mode expansions are

.\

valid approximations and, with one exception, the other mode

v_ . .’-‘
St

characteristics are the same as those of the perfectly conducting

N ¥ F
ol

I
»

waveguide. Thus, the characteristic impedance of the TEnm mode is

still given by (3.11) and the cutoff frequency by (3.7 ). How-

AL
efen

ever, the propagation constant r®™ is modified by the addition of
an absorption term o™ that depends on the conductivity of the
walls. That is, (3.6) is replaced by
172
rom [(ng)z + (Jw)z] c )7t o+ Q™ (3.22)
where

nm 2 R
[ d =

S 172
B qo[l + (wgm/jw)z
J

(3.23)

LN s e r F{ | P
N o ! ggg .
g A 20

€ [ 2 2 ] T

B om nm,. 2 AB + m A B nm,, 2 moN

% x |77t (e /iw) } 77 Z,7] - (g le/ge) N
nB + mA o

.

8

@
~'@ .

R = [w p2/(2 02)] /2

and p2 and 02 are the permeability and conductivity of the wave-

guide walls. When 02 — ®, a""— 0, and (3.22) reduces to (3.6).
] s
N
N
N
12 . . . N
R. E. Collin, Field Theory of Guided Waves, McGraw-Hill, New °®
r oS
4
York (1960). N
13 ]
V. M. Papadoppoulos, Quart. J. Mech. and Appl.Math., vol.T7, AN

¥
»
‘;.

(1954) p 325.

3N BT P
'
-

LR
b

A

51

z

s
R

&
PN
-

v ﬁ'1
L4

X

‘-

whanl
4

"

e ar - LN % TN e S % fr e ife e et e e R P PP J VLN RS R R L I N N TN 28 N S S o
A e e e e e N g



- Wi aletal Saf Vel i) vif Bg i g 4 0 il
' d f MRS ) e T atate P NN ot . "W . - .‘s'-f)‘.).’.li.ﬁ‘,-;n_wh\‘l

PS5

In the following sections, we use mode functions to repre-
sent the fields first at the M2/M3 interface and then in the re- o
mainder of M3. In M3, the mode fields take the form of (3.7) to
account for reflections between the termination at z = -(d + C)

z = -(d + C) and the driver (incident field) at z = -d. ®

3.2 Mode Expansions for Fields Inside a Continuous

Enclosure Exposed to Arbitrary, Time Harmonic, ®

External Fields.

The first step in computing the fields in M3 is to ®
expand the fields incident at the M2/M3 interface in terms of
mode functions. Since the fields in M2 are TE to a good approxi-
mation and since the dominante mode in M3 is also TE, the obvious L 3
choice for these expansions are the TE mode functions. Expanding

{2.29) using (3.2), (3.3), (3.4), (3.18), and (3.21) gives;

oo ) ’
E2x(x,y,—d) = - 2 n2 exp{-v2 4d) 2 c:me:m(x,y)
n=0 m=1
o0 (-
H2y(x,y,-d) = 2 exp(-v2 4d) } } czme:m(x,y) "
n=0 m=1 (3.24)
(- (-]
- _ y _nm
E2y(x,y,-d) = 2 n2 exp(-v2 d) } z cnmey (x.y5)
n=1 m=0
© o ®
H2x(x,y,-d) = 2 exp(-v2 d) z E czme:m(x.y)
n=1 m=0
®
52 N

-9
N
.‘\
. R SR P S USRI S (P U ST P TR S U SR B -
S T S A AN SR A Iy A
AUt A SRS VA M W P VR MY eI IS L



SO 2 LA 90 ARt £ Y L A Lt B A AT LM A A NN AU IR S S A P

where
A/2 B/2
X _ 2 s nm
Chm = Knm Hly(x,y,O) e, (x,y) dx dy
-A/2 -B/2 (3.25)
A/2 B/2

cy = Kz J
nm nm

H1Z(x,y,0) el"(x,y) dx dy

-A/2 -B/2

and all other quantities are as defined previously.

In this representation, each field in (3.24) is the sum of

an infinite series of plane wave fields of the form

Ezzm(x,y,-d) = -2

2

HZ;m(x.y,-d)

2

EZ;m(x,y,-d)

2

Hz;lm(x)}'v'd)
for 0 ¢ n ¢ » and O
flected fields in M2

ted fields in M3

X _nm
n2 exp(-v2 d) c e (x,y)
X _nm
exp(-42 d) ¢ e (x,y)
nm-x (3.26)
_ y _nm
n2 exp(-v2 d) Chny (x,¥)

_ y _nm
exp(-v2 4d) Cnmey (x,y)
¢ m ¢ . Each of these fields generates re-

traveling in the +z direction and transmit-

traveling initially in the -z direction and

later in both directions after reflections between the back and

front walls. The transmitted mode fields in M3 at z = -d gener-

ated by each incident field in (3.26) are given by

E3)" (x,y,-d)

H3§m<x,y,-d)

E3;m(x,y,—d)

HJ:m(x,y,-d) = Hz::m(x'}'t'd) Tnm

E2:m(x,y,—d) T

Hz;m(X)y)_d) T

Ezsm(x,y,-d) T

nm
E
nm

H (3.27)

nm
E

H

where Tgm and sz are the transmission coefficients for the elec-
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. tric and magnetic fields of the TEnm mode :
Tp' = 2 37"/ (n2 + p3"%) >
nm nm (3.28) :
’ TH =2 02/(n2 + n377) ¢
W
- n2 is the characteristic impedance of the wall as defined previ- f
ously and anm is the impedance of the TEnm mode at z = -d look- ’
5 ing into M3 as given by (3.17). .
: With E3"™(x,y,-d) and H3"®(x,y,-d) given by (3.27), the N
)
mode fields at all other locations in M3 can be obtained from )
(3.13). In component form, the result is
nm _ nm _ nm
E3 "(x,y,2) = E3 "(x,y,-d) Fg (2z) .
. H3D"(x,¥,2) = H3)"(x,y,-d) Fy"(2) ,
< nm nm nm (3.29) h
E E3y (x,¥,2z) = E3y (x,y,-d) F (2)
2 H32"(x,¥,2) = H3_"(x,y,-d) Fy' (z) o
N where the fields at z =-d are
2 E3)"(x,y,-d) = s:m eim(x,y) -
nm, _ _ .nm _nm h
H3 " (x,y,-d) = ¢." e "(x,y) %
. nm nm _nm (3.30) )
; E3y (x,y,-d) = Sy €y (x,¥)
‘ nm _ ,nm _nm
; H3x (x,y,-d) = £y ey (x,y) )
> the amplitude factors are oi
nm _ _ _ X nm A
gx = 2 n2 exp(-v2 4d) Chm TE -
nm _ _ X nm .
gy = 2 exp(=-v2 d) Crm TH by
(3.31) '
nm _ _ y nm ®
. gy = 2 np2 exp(-+2 4d) Cim TE
nm _ _ y opnm .
- tx = 2 exp(-v2 d) cln TH :
- nm nm . e N
2 FE (z) and FH ({z) are given by (3.15), and all other quantities -
s
®
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are as defined previously.

Since (3.29) gives the fields in M3 due to the nm-th term
in the series expansion of (2.29), the total field at any point
in M3 due to fields from the external source incident at the
M2/M3 interface is equal to the sum of terms computed from (3.29)

for all TE modes in the expansion of (2.29). That is,

o0 - <)
E3X(x,y,z) = 2 E32m(x,y,z)
n=0 m=1
- -3 o0
H3y(x,y,z) = E H3;m(x,y,z)
n=0 m=1
" ” (3.32)
E3y(x,y.z) = E 2 E3;m(x,y,2)
n=1 m=0
(- ] [--J
H3x(x,t,z) = 2 2 H32m(x,y,2) .
n=1 m=0

Since (3.32) satisfies both Maxwell’s equations at all points in
M3 and all boundary conditions at the M2/M3 interface, it repre-
sents a unique solution to the shielding problem for a continuous
rectangular enclosure.

Combining (3.3), (3.6), (3.7), (3.11), (3.15), (3.17),
(3.22), (3.23), (3.25), (3.28), (3.29), (3.30), and (3.31) in
(3.32) gives the following result:

The fields at any point inside the rectangular enclosure

shown in Figure 6 due to an arbitrary external electromagnetic

source illuminating a single wall of the enclosure can be written
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in terms of the tangential components of the source magnetic

'S ",'a h

field, Hli(x,y,O) and Hli(x,y,O), incident on the outside surface

ol P

o
5

of that wall as follows:

E3x(x,y.z)

]
!
N
B )
[AV]
o
"
o)
I
2
[ ]
Q
N8
"N 8
(o]
b
1]
=
B8
"
«
=
o]
=]
*y
o]
g
]
V',?'f’c

ﬁ-’.

H3y(x,y,2)

I
[aV]
1)
E
o]
'
2
N
Q,
~NA1
NN 8 ©
0
"
(1]
=3
8
»
«
]
o
=]
"y
=)
=)
N
-

R
R

>
3"t

—
w
W
w
s

E3y(x,y,z)

oo
2 n2 exp(-v2 4d) 2

1IN 8
0
ol
1]

o]
a8
®
b ]
-3
tr1 3
=)
m
o)
=)
N
.!ﬁ..‘,

o

st(x’}'rz)

o o0
[
2 exp(-12 d) } } oY ™ (x,y) TP® FPP(z) e
n=1 m=0 AN
where w:

Paea¥)
(jo p2/02)1/? N

%
v

1/2 | 4
Y

n2

2 {(Jw u2 02)

A/2 B/2

X = KZ [ Hli(X.y,O) ezm(x.y) dx dy

~A/2 -B/2
A/2 B/2

IO
G

%

nm nm Hli(x,y,o) e;m(X.y) dx dy

ZA/2 -B/2

Yy vx
P s
%

=
n

“1/2
[CEZSRIRNCLY T IR CONCRVAC Y b

0 (3.34)

Sh;.

1 when n =

2 when n > O

o
(1] (1]
", ﬂ.}& 'n}

l\{ S

(mn/B) cosinn(x+A/2)/A] sin[{mn(y+B/2)/B}

e:m(x)Y)

»
G

- (na/A) sin[nn(x+A/2)/A) cos[mu(y+B/2)/B]

e™(x,y)
y ?

e
\v'*..

vy ";{5‘ 'Il

Tgm = 2 n3"®/(p2 + 3™

X

-

| 8
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lhul.).ﬁu (% . il 2 ~<u « Me W oy
TE“ = 2 n2/(n2 + 3™
om nm|72 cosh(r™®c) + z2"sinh (r""c)
nd = Z
° |23 cosh(r™™c) + p2 sinh(r™"c)
2D _ N5 I
o T T 2 172
w 1 + [lg_J
C nm
W
C
/2
e [(ugm)Z + (jw)z] (Co) 1 + O

172

Wi? nco[(n/A)2 + (m/B)z]
gnm n2 cosh[r™(c+d+z)] + ngsinh[rnm(c+d+z)]
E n2 cosh(r™c] + z®sinh(r™"C]
. zo"cosh[r™™(C+d+2)] + 2 sinh[r""(C+d+z)]
Fy (2) =

ngcosh[rnmC] + g2 sinh[r™®c]

and all other quantities are as defined previously.

3.4 Mode Expansions for Fields Inside a Slotted

Enclosure

If a rectangular slot as shown in figure 7 is cut
through the front wall of the enclosure in figure 6 and the rec-
tangular volume of the slot is filled with a material of perme-

ability pn2’and complex permittivity e2’, then the latter is

transformed from a continuous to a discontinuous enclosure, if

the conductivity o¢2' of the new material is significantly less

than that of the replaced material o2, then the fields reaching a

specified point in M3 after passing through the slot will be much
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larger than the fields at the same point before the slot was cut,
provided all other factors are unchanged. If the coordinates of
the center of the slot (xc,yc) and its dimensions (a,pB) are
known, then the fields in M3 due to the presence of the slot can
be computed in terms of the products of the tangential compnents
of the source magnetic field incident at z = -d and the form
factors of +the slot. The method used is exactly the same as in
the preceding section except that the first step is to expand the
slot fields incident at z = - d (equation (2.32) rather than
equation (2.29). The final result can be summarized as follows:

The fields at any point inside the rectangular enclosure

shown in figure 6 due to an arbitrary electromagnetic source

illuminating a rectangular slot located in the front wall of the

enclosure as shown in figure 7 can be written in terms of the

tangential components of the source magnetic field, Hli(x,y,O)

and Hli(x,y,O), incident on the slot as follows:

L4 [- 4
n=0 m=1 X
-] [- -]
H3 (x,v,2) = 2 exp(-v2.d) E }chr’im el (x,y) Ty" Fy'(z)
n=0 m=1 X
(3.35)
- ] L
Ey(x,y,z) = 2 0§ exp(-vzyd) 2 Ceim e;m(X:Y) Tgm Fgm(z)
n=1 m=0 y
o o0
H3x(x’y'z) = 2 eXP(—72yd) 2 2 chim e;m(x,Y) T;m Fgm(z)
n=1 m=0 y
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where q% and q% are the slot impedances when it is driven by x

directed and y directed electric fields respectively, 12x and 12

are the propagation constants of the fields in the slot

o

B T O TR

]
|
12, = Juw pZ/ng t
(3.36)
= Jj 2/n2 i
12y Jw yy/ny ) '
2 and u2 are the effective permeabilities of the slot, >
| - Y ’.)
: B/2 A/2 ;:2
X _ 2 s _ nm o
ce = = K Hly(X.y) fe (x,y,-d) e "(x,y) dx dy -,§
-B/2 -A/2 =3
%t
B/2 A/2 &
' hX = g2 H1S(x,y) fh (x,y,-d) e™®(x,y) dx d e
c nm - nm y Xy Yy y A % Y Y '.
-B/2 -A/2 Eﬂ
(3.37) §
B/2 A/2
Yy - g2 8 _ nm N
ce . F Knm Hlx(x,y) fey(x,y, d) ey (x,y) dx dy %.
-B/2 -A/2 b
f~
N,
B/2 A/2 )
Yy _ .2 s _ nm N
ch ==K H1 (x,y) fh_(x,y,-d) ey (x,y) dx dy , v
.
-B/2 -A/2 -
<y
'».
N
fe (x,y,-d), fhy(x,y,-d), fey(x,y,—d), and fh (x,y) are form L
factors as defined in section 2.3, E:F
To® = 2 anm/(qZ + q3nm) ::
Ex X o
nm _ nm
THx =202 /(gg + n37)
nm nm nm (3.38)
TE =203 7 /(n2 + n37)
y
y
nm _ nm
Ty =2 q%/(n% + 037 ,
y
60
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and all other quantities are as defined in the preceding section.

If there are two or more slots on the front face with known
dimensions and locations and if the impedances, permeabilities,
and form factors of these slots can be estimated, then the fields
at a given location in M3 due to these slots can be obtained by
using the preceding expressions to compute the fields from each
slot and then adding the contributions from all s8lots at that

location.
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4. FIELDS INSIDE ENCLOSURES EXPOSED TO SPATIALLY UNIFORM w
T
EXTERNAL FIELDS GENERATED BY TIME HARMONIC SOURCES R
)
)
._\_
In this section, the general expressions for the fields in- 5}
side continuous and slotted enclosures are evaluated for the two N
'-»
simplest cases of interest: a continuous enclosure exposed to 3:
n:_""
uniform fields over its front surface, and a s8lotted enclosure ﬁ:
exposed to uniform fields over the area of the slot. These cases !
)
s
can be described more precisely as follows: %
s 8, . R
H1 (x,y,0) & HI_(jw) iy
(4.1) 4
H12(x,5,0) & H1%(ju) o
y y ?:
over the following areas: éﬁ
-‘Q- Y
Continuous Enclosure (fig. 6) _\iﬂ
- A/2 ¢ x ¢ A/2 ey
N
™~
- B/2 ¢y ¢ B/2 (4.2) N
R
z =0 ,_;”
Slotted Enclosure (fig. 6 and 7) ﬁ:
,
o
- VN
X, a/2 ¢ x ¢ X, + a/2 &f
g
Yo ~ B/2 < ¥ ¢ Vo * p/2 (4.3) i !
z =0 i
where Hl:(ju) and Hli(ju) are functions of the frequency w but &:
not of the spatial variables x and y. 3F,
These cases occur typically when the source is located far :?
from the enclosure or when the characteristic dimension of the Q?
1‘\'-
source 1is larger than that of the enclosure and also larger than g“
=S
62 ”E'i
l:“-
4
W
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the separation distance. However, they can also occur in less ob- ,;
vious situations. For example, it was shown by Monroe1 that a :
small square loop antenna 10.6 in. on a side operating at 106 Hz %
can produce a nearly uniform magnetic field over a significant :r
rlane area oriented perpendicular to the plane of the antenna and Y,
located 1 m from its center. Furthermore, since the dimensions of 7
most s8lots are much smaller than than those of the enclosure, it P

is clear that (4.1) will be satisfied in many cases for slotted

enclosures (4.3) when it would not satsfied for continuous enclo- By

;’?

o

sures (4.2) of the same size exposed to the same source. Thus,

7‘4

(4.1), (4.2), and (4.3) can describe many situations of practical

v

vy

importance.

g

¥
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¥
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4.1 Continuous Enclosure
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rrLSl

g ¥ F @ %
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If Hli satisfies (4.1), then E3 (x,y,2) and

: ",‘ &'

H3x(x,y.z) must be independent of x or y or both x and y. But it
is clear from (3.33) and (3.34) that in order for E3y and HSx to
be independent of x alone or both x and y it is necessary that n
= 0, which implies E3y = H3x £ 0. The latter is, of course, the
trivial solution that will only occur when Hl: = 0. Consequently,

a nontrivial solution requires E3y and H3x to be independent 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).
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y. This implies m

0. Thus, the solution in this case is obtain-

ed by setting m = 0 in the expressions for E3y and H3x in (3.33).

Similar considerations show that when Hl; satisfies (4.1)
the fields ESX and H3y are independént of x and the appropriate
expressions for these quantities are obtained by setting n = 0
in (3.33).

With these substitutions, (3.33) and (3.34) become

o0
_ S, . X Om Om _Om
E3 (v,2z) = - 2 02 exp(-v2 d) HI(ju) } che™(y) TO® Fo"(z)
m=1
(- -]
- s, . x Om Om _Om
H3 (v,2) = 2 exp(-72 d) HIS(jw) } cpe (y) Tp" Fi'(2)
m=1
- (4.4)
E3 (x,z) = 2 p2 exp(-v2 d) H1S(jw) E oY en0(x) TROpn0 ;)
vy p'e n0"y E 'E
n=1
- -3
H3 (x,2) = 2 exp(-v2 d) H13(jw) 3 ¥ en®x) 13’ FRl(2)
n=1
where
B/2
cgm = (2/B) | sin[mn(y+B/2)/B] dy
~B/2
A/2
Y = (2/a) [ sinlnn(x+A/2)/A] dx
n0
] (4.5)
~A/2
Om .
e (y) = sin{mn(y+B/2)/B]
e;o(x) = sin[nn(x+A/2)/A]

and all other quantities are either as previously defined or are
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obtained from previously defined quantities by setting either n
. Om _ ,nm n0 _ _nm
or m equal to zero; e.g., TE = TE n=0 and FH = FH m=0 °

Carrying out the indicated integrations and redefining T

Tgo, Tgm, Tgo, Fgm(z), etc, we obtain the following result:

n
E H

The fields at any point inside the rectangular enclosure shown

in figure 6 due to an external electromagnetic source that gener-

erates spatially uniform fields on one wall of the enclosure can

be written in terms of the tangential components of the source

magnetic field, Hli(jw) and Hl?(jw), incident on the outside sur-

face of that wall as follows:

oo
_ _ s, . X m m m
E3x(y,z) = 2 n2 exp(-v2 d) Hly(Ju) 2 ch ex(y) TE FE(z)
m=1
(-]
s, . X B m _.m
H3 (v,2) = 2 exp(-72 d) HIS(jw) } cX e(y) T FR(2)
m=1
o (4,6)
_ s, . ¥ _n n .n
E3,(x,2) = 2 n2 exp(-12 d) H1}(jw) z oy el(x) Tf FR(z)
n=1
(-]
8, . n n .n
H3x(x,z) = 2 exp(-v2 d) Hlx(Jw) E c: ey(x) TH FH(z)
n=1
where n2 and v2 are given in (3.4),
R 2[ cos(mm) - 1 ]
m
mn
oY - 2[ cos{nn) - 1 ]
n
nn
e:(y) = sin{mn(y+B/2)/B]
e;(x) = sin{nn(x+A/2)/A]l
m _ .nm _ m m
Tg = Tg In:O =2 037 /(n2 + n37)
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Th = To® = 2 n2/(g2 + n3™) -
H H ln:O n n n 7]

n _ .nm _ n n »
Tg = Tg |m=0 = 2 p3 (n2 + p3") ::i
n _ ,.nm - o n o,
TH = TH |m=0 = 2 n2/(ns + p37) ;-;.
CI- \
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a™ is given by (3.23) and F®™and F"™ are given by (3.15).

E H

While the expressions in (4.6) remain moderately complicat-

ed in spite of the simplification afforded by our assumption of
spatially uniform incident fields, these expressions are readily
ammenable to evaluation by computer. Calculations based on (4.6)
indicate that the series converge rapidly and fewer than 10 terms
are required to reduce the error below 10% at most locations in
the enclosure. In general, more terms are required at locations
close to the side walls than near the center line (x = y = 0)
where five terms will usually suffice for 10 ¥ accuracy. Figures
8 and 9 are computer plots of the magnitude of H3y(y,z) versus

frequency f = w/2n at locations close to the center of the front

wall (x = y =0, z = -0.05 m), close to the center of the back
wall (x =y = 0, 2 = -6.05 m), at the geometrical center of the
enclosure (x = y = 0, z = -3.05 m), and near the center of the

top wall (x = 0, ¥y 1.75 m) where the enclosure parameters are:

3.66 m, C = 6.1m, d=3.8x10%n,

02 = 4.33 x 10% nhos/m, p2 = 12.6 x 10”7 h/m,

A= 6.1 m, B

and the source magnetic field is harmonic with unit magnitude:
Hl:(jw) = 1.0 exp(jwt) = 1.0 exp(j2nft) (A/m) .
These figures show that the general trend at all locations is an

ever more rapidly decreasing magnitude with increasing frequency

reflecting a change from a f-l/z variation to f_l, and from f-1
to exp(-kfl/z). Superimposed on this trend at frequencies above
67
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MAGNITUDE] OF THE MAGHETIC FIELD]INSIDE L
10118 |8 CONTINUUS ENCLOSURE FOR THE EMCLOSURE L
PARGHETERS, LOCATION, AND INCIDENT FIELD G1VEN BELOV: e
1812y A=6{ln B=3.66n, C=61n, d=3\BK1B(H)n ﬂ,
02 =|4.33%18(6) phos/m, p2/= 12.6818(+7) h/n SH
ik
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My =119 explj2ft) RA/n '
18(2)  18(3) 184  18(5)  18(6)  18(7)  18(8)
FREQUENCY £ (Hz)
Figure 8. Magnitude of the magnetic field inside

a continuous enclosure versus frequency at locations

near the center of the front (z=-.05 m) and back

walls (2z=-6.05 m).
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Figure 9. Magnitude of the magnetic field inside a .
continuous enclosure versus frequency at a location '~'.-:‘_:Z-_:
near the center of a side wall (y=1.75 m) and at the
center of the enclosure (y=0.0 m).
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b 10 Hz are much more rapid variations corresponding to the reson- - '
;. ant and antiresonant frequencies of the enclosure. Noteworthy '
0 i
o among the latter is the pronounced antiresonance at f & 2 x 10 Hz '
L seen near the center of the front wall (x =y = 0, z = -0.05 m) -
* [_J
j. but nowhere else. Figure 8 indicates a spatial variation of just
b
o under one order of magnitude between the front and back walls,
.,»'
ht and figure 9 shows a variation of just over one order of magni- s
.x tude between the center of the enclosure and a point (x = 0, y = 0
W 1.75 m, z = -3.05 m) 0.08 m from the center of the side wall. The '
s former is a reflection of the hyperbolic variation of the inter- &
24 nal field with z, and the latter is a reflection of the sinusoid-
"
*: al variation of the internal field with y satisfying the boundary
;-I
‘Q condition H3_ = 0 at y = +1.83 m. )
Ly y [ Y
= ’
~ :
o 4.2 Enclosure with an Inductive Slot '
: 3

®
. If the material filling the slot in figure 7 is free :
L d
x &
- space and the dimensions of the slot are small compared to the )
»_; '
o wavelength A of the fields in M1, then the permeability of the -
f slot is equal to the permeability of free space Hg and the slot
- h
:- impedances are pure inductances. That is, for air-filled slots ‘
- where

.
.. a and B << A (4.7)
/_:
< the slot permeabilities are given by
7 - u2 =

HZ = HE = M, (4.8) W
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and the slot impedances are

JuLx

. (4.9)
JwLy

where Lx is the inductance of the slot when driven by an electric

<
o X
"

field in the x direction and Ly is the inductance of the slot
when driven by an electric field in the y direction. The propaga-
tion constants for the fields in the slot are derived from (4.8)

and (4.9) as follows:

72x Jv y%/qu Fo/Lx

(4.10)

72
y

Thus, the general expressions for the fields inside a slotted

Jw #%/nzy Ho/ly
enclosure can be specialized to the case of an inductive slot by
substituting (4.9) and (4.10) into (3.35).

If the dimensions a and B satisfy the relation g << «a, then
figure 7 describes a narrow rectangular slot with its long axis
parallel to the x axis For this "horizontal" air-filled slot,

the inductances satisfy the relation Lx << Ly, and similarly

(4.11)
vy2 << v2
y X

by virtue of (4.9) and (4.10). Applying (4.11) to (3.35) gives

|E3_| << JE3_|
X y
(4.12)
|[H3_| << |H3_|
y X
o

provided |H1 = |HIS|. That is, E3._ and H3 are the dominant
b ¥y y X

field components inside an enclosure with a narrow horizontal
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slot provided |H1;| is not very much larger than |H1:|.
Similarly, if the slot dimensions satisfy a << g, then fig-

ure 7 describes a narrow vertical slot with its long axis paral-

lel to the y axis. In this case, the slot inductances satisfy

L << L and (4.11) becomes
Yy X

ng << ng
(4.13)
¥2 << v2_ .
X y

The dominant fields inside the enclosure are now E3x and H3y.
That is,
]E3y| << |E3x|

(4.14)
|[H3_| << |H3_|
X y

provided |H1i| = ]Hlsl.

The preceding shows that, in general, the fields inside an
enclosure with a single narrow, air-filled, horizontal or verti-
cal slot will be dominated by a single electric field component
and a single magnetic field component and that the remaining com-
ponents will be negligible by comparison. In the following, we
conrider the horizontal slot and obtain explicit expressions for
E3y and H3x' The reader will then be able to transform these into
the corresponding expressions for E3x and H3y inside an enclosure
with a vertical slot.

Substituting for q% from (4.9) and for 12y from (4.10) into

(3.35) and separating the m = 0 terms in the sum, we obtain
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- -
; . _ Yy n n .n
: E3y(x,y,z) ZJwLy exp( pod/Ly) 2 ce ey(x) TE FE(z)
n=1

o0 (- -]
| y nm nm _nm
| + z 2 cern ©y (x,y) Tg Fp (2)
n=1 m=1 y
| ” (4.15)
b' - _ ¥y n n _n
H3,(x,y,2) = 2 exp(-u d/L,) E chy el(x) Tf Fp(z)
n=1 y
(- -] o«
y nm nm _nm
+ } } chnm e, (x,y) Ty FH (z)
% n=1 m=1 y
where
B/2 A/2
.2 s, . [ )
ceim = K H1D(ju) fe (x,y,-d) e;m(x,y) dx dy
J v
-B/2 -A/2
B/2 A/2
Yy  _ 2 S, . [ [ nm
chnm = Knm HlX(Jw) fhy(x,y,-d) ey (x,y) dx dy
“B/2 -A/2
e;m(x,y) = - (nn//A) sin[nn(x+A/2)/A] cos[mn(y+B/2)/B]
T;m = 2 qanm/(ijy + 3" (4.16)
y
Tgm = 2 jwL_/(jwL_ + p3™™)
y y
y
ceY = ceY
n nm |m=0
chy = chy
n nmi{m=0
n _ nm
ey(x) = ey (x,¥) 1o-0
KnO = Knm m=0
and all other quantities are defined in section 3.
» To determine E3y and H3x from the preceding expressions,

it is necessary first to specify the form factors fey(x.y,-d) and

;, ;
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fhy(x,y,—d) which describe the spatial variation of the incident
fields at 2z = -d for - A/2 ¢ x ¢ A/2 and -B/2 ¢ y < B/2 and
then to use these factors to evaluate the Fourier coefficients

cer};m and Chzm by carrying out the indicated integrations. How-

ever, exact expressions for fe; and fhy are unknown, and there-

fore in order to proceed, we must resort to approximations. In
making these approximations, we will be guided by the fact that
the incident fields at z = -d are determined by the fields inside
the slot (xC - a/2 ¢ x ¢ X + a/2, Yo ~ B/2 ¢y ¢ Yo + p/2)
and by the boundary conditions over the remainder of the z = -~d
surface. Since the slot, like the enclosure, is equivalent to a
section of rectangular wavegude where TE fields dominate, it
follows from the results quoted in section 3 that the spatial

variation of the slot fields can be written as sums using TE mode

functions appropriate to the slot. That is,

(- -] o0
e2y(x,y) = } Ex:r K;r(x,y)
s=1 r=0
hZX(X.y) = } }?zr xf,r(x,y)
s=1 r=0
where er and ?Zr are the Fourier coefficients of the expansion
and

x:r(x,y) = v sin[sn(x-xc+ a/2)/a]l cos[rn(y-yc+ p/2)/B] (4.18)
with
v = - ns/a .

However, there are no propagating modes in this expansion due to
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i’ our assumption that the dimensions of the slot are small compared %r
to the wavelength of the source field, and consequently the field ;ﬁ

@5

o,

in the slot will be determined by relatively few low-order TE 3;

)

o modes with the TEIO mode playing a dominant role. Thus, a first b
order approximation to the structure of the fields in the slot f&;

o

%

can be obtained from (4.17): j§:

10 o

- a~ .',r",“

F e2y(X.y) = hZ_(x,y) & R (x,y) o
= sin(a({x-x_+a/2)/al . (4.19) K

¢ NS
Of course, this is just equivalent to approximating e2y and h2x &;:
u_&,-: ;

k by the first terms in their mode expansions. It implies that the t:-
fields in the slot have the structure of a half-sine wave in the i;f
Yo g
x direction and are uniform in the y direction. This appears to Gbi
e

be a reasonable assumption for the fields in a narrow slot excit- ﬁim

ed by a uniform external field. Thus the structure of the inci- o
dent field at z = -d can be approximated by combining the struc- f

ture of the slot field from (4.19) with continuous extensions of

the incident slot field from the slot to the remainder of the z = :iﬁ
-d plane. In the case of the electric field, there are no contin- g3ﬁ

\J‘:‘-

. . <+

uous extensions beyond the vicinity of the slot since the remain- M

der of the z = -d plane is composed of a good conductor. Thus,

fey can be approximated by

fe (x -d) = X 4.20
y( Y, -d) p(x) q_(vy) ( ) °
N
where NNy
.\._\
sin{n(x - x, + a/2)/a] for X, - a/2 ¢ x ¢ x + af2 N
p(x) = R
0 for -A/2 ¢ x ¢ X, - a/2 and X, + a/2 ¢ x ¢ A/2 W
L
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for Yo = B/2 <y < Yo + p/2
q (y) =

0 for ~B/2 ¢ y < Yo = p/2 and Vo t p/2 <y ¢ B/2
In the case of the magnetic field, there are continuous exten-
sions of the incident field beyond the slot in the +y directions
since the slot field at (x,+g8/2,-d) will drive currents in these
directions on the z = -d plane. These currents will be reflected
at the side walls with a reflection coefficient of nearly +1 re-
sulting in an increase in H2x(x,y,—d) in the vicinity of y = +
B/2. A precise determination of fhy(x,y,—d) would model the z = -
d plane in the y direction as an asymmetrically driven transmis-

sion 1line with appropriate loads at y = + B/2. Here, however, we

will approximate fhy analytically as follows:

fhy(x.y.-d) = pix) q(y) (4.21)
where p(x) is the same sinusoidal function used in (4.19), qh(y)

is defined by
s,y + q; for - B/2 y < Yo ™ B/2
y. + p/2

c
<y ¢B /2

<
q,(y) = | 1 fory_ - p/2 ¢vy ¢«
8,y + q, for yo ¢t p/2

and
1/(yC p/2 + B/2)

1/(y, + p/2 - B/2)

+ (y p/2)/(yc - p/2 + B/2)

C

+ (y p/2)/(y_  + p/2 - B/2)

C
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Figure 10 shows plots of p(x) and qh(y) for A= 10, B = 8, a = 6,

p =0 .5, X, = +1 and Yo < -2 where the units are arbitrary.

ﬂﬁﬁﬁ:‘?“???ﬁ

When (4.20) and (4.21) are substituted into (4.16), the

I.

g le
@\

integrals can be evaluated in closed form to give explicit ex-

y y
nm and Chnm' These can

Y

pressions for the Fourier coefficients ce

AR
(et

Yy

then be combined with (4.15) in the following statement:

LR IR
.\fn'l
»

=3

The principal components of the field at any point inside

L J
L]

the enclosure shown in figure 6 due to a uniform electromagnetic

source illuminating a narrow, horizontal, air-filled slot with

center coordinates x_and y_ and dimensions a and g, as shown in

¥

figure 7, can written in terms of the horizontal component of the

'r.'r N

source magnetic field Hli(jw) incident on the slot as follows:

. s

ISP
YN

»

-4

. _ y n n n
ZJuLy exp( yod/Ly) } ce ey(x) TEy FE(z)

-
ot

® E3_(x,v,2)

2@’

n=1

o (- -]

y nm nm nm
z 2 ce ey (x,¥) TE FE {(z)
n=1 m=1 y

” ' (4.24)

o

IO

1

}))
L

¥y n n n
H3x(x,y,z) 2 exp(-pod/Ly) } chn ey(x) TH FH(z)

y

l-.'J.

i)

n=1

.{'. “x
[

o0 0

y nm nm _nm
> Yehr eltix,y) T PRz
n=1 =1 y

g
I's 14
P '-5{‘5{': ‘.‘

where Ly is the slot inductance when driven by a y-directed

s

"y
~_\

. electric field

]
[

P

y _ _ 8, . 2
cen = Hlx(Ju) B Pn Kn nn/A

o
..“ >, -'

PRI 4

"
’

y _ 8, . 2
chn Hlx(Jw) Qo Pn Kn nn/A (4.25)
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s, . 2
- Hlx(Ju) Pn Qem Knm nn/A
2

s, .
= - Hlx(gu) Pn th Knm nn/A

0

=2
«
1

b = [ aA ] sin[n(A-na) (x_+a/2)/(aA)] - m(x_-a/2)/a ~ nu/2]
n

A - na

sin[n(A+na)(xc+a/2)/(aA)] - n(xc-c/Z)/a + nn/2]

A + na

(4.26)
sin[u(A—na)(xc-a/2)/(aA)] - n(xc-a/Z)/a - nn/2]

A - na

sin[n(A+na)(xc—a/2)/(aA)] - n(xc-a/Z)/a + nn/2
+

A + na

provided A # na

(o]

Q = p + (yC - B/2 + B/Z)[sl(yc- p/2 - B/2)/2 + ql]

(4.27)

- (yC + p/2 - B/Z)[sz(yC + p/2 + B/2)/2 + q2]

sin[mn(yc + p/2 + B/2)/B} - sin[mn(yc - p/2 + B/2)/B]

Qe =
m mn/B
(4.28)
[s,(yc - p/2) + q,l sin[mn(yc - p/2 + B/2)/B]
th = Qem +
mn/B
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s,lcoslmn(y_ - p/2 + B/2)/B) - 1]

WSS e T RS AL LS T IR,

+
(nn/B)z
(4.29)
[s,(yC + p/2) + q,i sin[mn(yc + p/2 + B/2)/B]
mn/B .

ad
s,(cos(mn) - coslmm(y_ + p/2 + B/2)/B] o

+ b

)

2 "

(mmw/B) 4 :.:

8,, S, q,, and q, are given by (4.23) and all other quantities d
are as defined previously. 5;
-~
Although the ©preceding are much more complicated than the 2»
corresponding expressions for a continuous enclosure, they are .
o
"
just as amenable to evaluation as the latter with the aid of a :'
l,‘

computer. Figures 11 and 12 are computer plots of |H3x(x,y,z)| ?.
It

versus frequency at several locations inside an enclosure with a "
narrow horizontal slot at the center of one wall (xC = yC = 0) ?
exposed to a uniform harmonic s8ource of unit magnitude 5
(exp(j2nft)). The enclosure and slot parameters used in these G’;v
plots are »
A=ZB=C=2.7T7m, d = 6.4x10-3 m ;

02 = 4.33%10% mhos/m, w2 = 12.6x1077 h/m g
a=0.5m, p=1.6X10-3m, L =3.2x107° h ~
where the slot inductance Ly is computed from the relation g
L =z 6.4 a x10°8 h (4.29) .
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® = -, YT | f
18(-2) i Al

z= - 2.6
‘ 18(-4)
®
18(-6)
| | W3] (A/m)
180-6) [H3, | 1§ THE
PS MAGNITUDE| OF THE MAGHETIC FIELD|INSIDE

16(-1g) |_P_SLOTTED ENCLOSURE FOR THE ENCLOSURE

5

PARAMETERS, LOCATION, AND INCIDENT FIELD GIVEN BELOW:

1)l A=27m B=27n, C=27n, d=6.4KIB(-In

. o2 =|4.33518(6) lnhos/m, u 2= 12.6818(+7) h/n

{010 X =600, 5 =008, a= Sn,  [=].6KIB(-3) 1, Ly= 3.2618(-8) b

x=060n y=0808n,z-= L 85 m and|z = - 2.6SJ

Hiy = 1.0 exp(j27ft) A/n

18(2) 18(3) 18(4) 18(5) 18(6) 18(7) 18(8)
FREQUENCY £ (Hz)

. Figure 11. Magnitude of the magnetic field inside
an enclosure with a narrow air-filled slot at
points near the center of the slot (z = - .05 m)

° and the center of the back wall (z = - 2.65 m).
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] -ﬁv‘a
.k |
18(-2) x = 0,00m JW}% pry
x = 1.30n !
10(-4) —
16(-6)
|3, |(A/m)
[H3, ] IS THE
10(-8) X
%_MQGHITUDE OF THE MQG;*ETIC FLELD{INSIDE |
18(-18) A SLOTTED ENCLOSURE FUR THE ENCLOSURE
R |
PARAMETERS, LOCATION, AND INCIDENT FIELD GIVEN BELOW:
etz A=2mB=27n C- 2.9, d = 6.4818(-3)m
02 =|4,33010(6) khos/n, 12 = 12.6%18(}7) h/n
i
10(-14) xe = £.00, y =B.BB, «a= I§ n, £=1.6X18(-3) d, Ly = 3.2618(-8) h |
y=0/83n,z=51.3r xr0.00mnand x=1.39
Hig =1.8 exp(jexft) A/m | |
18(2) 18(3) 18(4) 18(9) 18(6) 18(7) 18(8;
FREQUENCY £ (Hz)
Figure 12. Magnitude of the magnetic field inside en
enclosure with a narrow air-filled slot at a point
near the center f one side (x = 1.30 m) and at the
center of the enclosure (x = 0.00 m).
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which is derived from figure 7 of Monroe (1973)1%. A total of 156

terms were used in the calculations by truncating the series at n
= m = 12, Plots obtained using more terms were found to be indis-
tinguishable from the ones in figures 11 and 12. Plote wusing
fewer than 156 terms were found to differ from those in figures
11 and 12 by scale factors that are only weakly dependent on
frequency. For example, the 1lower of the two closely spaced
curves in figure 13 is a replot of the curve labeled z = - 0.05 m
in figure 11 where 156 terms were used consisting of 144 terms in
the double sum over n and m plus 12 terms from the single sum
over n. This curve is nearly identical in form to the upper curve
which was obtained using only the 12 terms in the sum over n.

The figures suggest that magnetic fields at all locations
are virtually independent of frequency below the lowest cutoff
frequency of the slotted enclosure. This contrasts with the con-
tinuous enclosure where the field is a monotonically decreasing
function of frequency below cutoff. The fields in the slotted en-
closure also show a significantly greater variation with position
than was seen in the continuous enclosure. Thus,in figure 11, the
front to back change is two orders of magnitude compared to just
under one order of magnitude change in figure 8 in spite of the

fact that the slotted enclosure is much smaller. Evidently fields

14R. L. Monroe, EMP Shielding Effectiveness and MIL-STD 285,

Harry Diamond Laboratories, HDL-TR-1336, Adelphi, MD. (July

1973).
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Approximate —

gk

18(-2)

16(-4)

18(-6)

|H3x[ (Q;’n)
18(-8) [H3, [ 1S, THE

MAGNTTUDE| OF THE MAGHETIC FIELD|INSIDE
16(-1a) |_P SLOTTED ENCLOSURE FOR THE ENCIOSURE
PARAHETERS, LOCATION, AND INCIDENT FIELD GIVEN BELOM:
R=2l7m B=27n C=2.7n,d=6K18(-3) n
o2 =|4.33418(6) bhos/w, u2/= 12.6818(17) h/n
et X = £, ye 888, a=bn  0=1.688(-3) d, Ls = 3.248(-8) h
x=0/00n 9y=8080n, 2=t .B5n

Hix =l1.8 exp(j2 2 ft) A/n
18(2) 18(3) 18(4) 18(5) 16(6) 168(7) 18(8)
FREQUENCY £ (Hz)

18(-12)

hY
v

.I

5
~

..'.‘
~
™
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-
.
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g

A
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\/
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Figure 13. Plots of |H3x(x,y,z;ju)| computed from equation

(4.24) using both the single and double sums (lower curve)

e, /'..~.‘.-

and the single sum alone (upper curve) where the series are

truncated at n = m = 12.
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in the slotted enclosure, besides being much larger in magnitude,
are more localized than in the continuous enclosure.

Above the cutoff frequency, the magnetic field shows basic-
ally the same resonant behavior as in the continuous enclosure
but with vastly larger magnitudes. In fact, the figures indicate
that the interior field can exceed the exterior field at resonant
frequencies., This suggests that a 0.5 m slot makes this enclosure
worse than useless as an electromagnetic shield at these frequen-

cies.
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5. TIME DOMAIN MAGNETIC FIELDS INSIDE ENCLOSURES DUE TO 3'
SPATIALLY UNIFORM, EXTERNAL, TRANSIENT SOURCES it
‘A
:a
If an external source generates transient magnetic field %
o
components that are known functions hli(t) and hl:(t) of the time A3L
t with LaPlace transforms: ;
> -
Hl:(ju) = L[hli(t)] = | exp(jwt) hli(t) dt A
Jo el
« (5.1) :
H1%(jw) = LIL1%(t)] = | exp(jwt) h1S(t) dt N
Y y y "
40 .
N
that are spatially wuniform over the areas defined by (4.2) for ‘"
continuous enclosures and by (4.3) for slotted enclosures, then :ﬁ
expressions for the transient fields inside continuous and slot- :
ted enclosures exposed to this source can be obtained by substi- )
tuting (5.1) into (4.6) and (4.24) and computing the inverse La- N,
“
Place transform of the resulting expression. Since (4.6) and :*
~
(4.24) are infinite series each term of which is a function of juw 3
, this process will consist of a term-by-term application of the F,
inverse LaPlace transform to the series. If the inverse transform i
of each term in the series can be evaluated, then the result will P
be new series each term of which is a function of t as well as E
the internal spatial variables. -
In the following sections, we use this procedure to compute FE
magnetic fields inside enclosures exposed to transient fields 1in }
;
.
&’
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the form of decaying exponentials, damped sinusoids, and ration-

alized exponentials- a group of functions that alone or in com-

bination can be used to approximate the waveforms of most natural

and man-made sources. Although a rigorous mathematical justifica-

tion of term-by-term inversion of infinite series is a difficult

and important problem as Doetsch15 has emphasized, we will not

attempt such a justification here. Our justification will rest on
the fact that the time domain series show rapid convergence and

produce waveforms that are physically plausible and consistent

S

with measurements.

§
‘l
A

lvl."
e
cAll

5.1 Continuous Enclosure

|
2
If H3x(x,z) and H3y(y,z) from (4.6) are rewritten in }Qﬂ
SN,
the following form }22
© o
H3, (x,y;50) = SQ(x,230) L)
n=l N

oo (5-2) t_.‘:'

- m -

H3 (y,z;Jw) = }s (y,z;Jw)

y y

m=1 t;._"

where the frequency is displayed explicitly as an independent i}i
variable through the factor jw Ei;
n . - /2, . 1/2 8, . ¥y n n, . n, .. Vo
Sx(x,z,Jw) = 2expl-r (jw) ] Hlx(Jw)Cney(X)TH(Jw) FH(Z,JW) :ft
(5.3) i

15 ,I::‘D

G. Doetsch, Guide to the Application of LaPlace Transforms, D.

[ J

<
Van Nostrand and Company Ltd., London (1961). DN
o
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Do T Bt le R e A e o el Dy

m Vs _ _J/2,. .1/2 s, . X m m, . m, ..
Sy(y,z,Jw) = 2expl-r7 (jw) 1 Hly(Ju)cmex(y)TH(Jw) Fplz:jw)
and
T = d202y2 = 4Tc (Tc = characteristic diffusion time) (5.4)
then the inverse LaPlace transforms of H3x(x,z;jw) and
- H3 (y,z;jw) are
" y
;‘\: ©
. -1 .
. h3_(x,23t) = L7 [H3_(x,z;j0)] = EhS:(x,z;t)
n=1
- (56.5)
-1 .
h3y(y,z;t) = L [H3y(y,z;3w)] = } h3$(y,z;t)
m=1
where
-1 .
h37(x,25t) = L7 (S)(x,2;40)]
m -1, m (5.6)
h3y(y,z;t) = L [Sy(y,z;Jw)]
and the inverse transform is defined as follows:
u+ joo
L7 e(x,y,258)) = e J exp(ts) G(x,y,z;s) ds (5.7)
u-jeo

where jw is replaced by the complex variable s = u + jv.
Thus the problem of computing time domain magnetic fields inside
this enclosure reduces to an evaluation of a sequence of inverse
LaPlace transforms (5.6) where S:(x,z;jw) and S$(y,z;jw) are
given by (5.3).

Since S:(x,z;jw) and S;(y,z;jw) are both complicated functions
of jw, for all n and m, we shall not attempt an exact evaluation

of these transforms. Instead, we shall use approximations to re-

duce S:(x,z;jw) and S?(y,z;jw) to the product of a pair of N
ﬂ

<
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functions each of which has an exact transform. This will &allow E%

i
us to express h32(x,z;t) and h3$(y,z;t) as sequences of convolu- ﬁf,
Fod
tion integrals in the time domain which can readily be computed ?f:
7l

to give h3x(x,z;t) and h3y(y,z;t).

The approximation is based on the fact that the exponential 27-
sl
factor in (5.3) effectively prevents frequencies above a critical :ﬂ:
value Fc = 1/(nr) from reaching the interior of the enclosurel. };
Since calculations show that FC is well below the 1lowest cutoff Qr:
ANy

frequencies for all room sized shielded enclosures éx
n e

w /(2n)| _, = C_/(2A) ol

F,= 1/(nr) < < | ¢ n=1 = "o (5.8) 9.

- N
w, /(2m) | _, = C /(2B) .;:::

M

it follows that only frequencies satisfying o
“ N
- oy
el o 1 o

P NN

e

C "J‘_:

and {5.9) Vﬁ
%d

liﬁ! nO

<< 1 .

"
can affect the interior magnetic fields in this case. Thus, ZE, C:i‘
- \.

."\u:

Zﬁ, rn, and r"™ from (4.6) can be replaced by the following ap- ﬁi.
®

proximations: o
v

2D iw/w D Ay

o = NoI9%/%¢ bi

m _ . m SN
Zo = qoaw/wc O
lR. L. Monroe, A Theory of Electromagnetic Shielding with ﬂﬁ&
Applications to MIL-STD 285, IEEE-299, and EMP Simulation, i
Harry Diamond Laboratories, HDL-CR-85-052-1, Adelphi, MD é!

(February 1985). ~
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(5.10) N
n _ n "
r uc/Co E;
r® = W%/cC b
c’ Vo .
A,
where A
A
wg = nCon/A ‘
o (5.11) 2
uc = nCOm/B A
" * Al
-\
and the absorption terms in r™ and r™® have been neglected. With ;:;
'\
these approximations, calculations show that ?Qt
3
n3" = z" tanh(r®c) o
° I
(5.12) o
73" = 27 tanh(r'c) o
"'\
and Y
4
. 2(u2/02)1/? o
Tyliw) = 172 172 h n 3
(H2/02) + (Jjw) (qo/wc) tanh(rCj A%
n 2(p2/02)1/? e
T, ,(jw) = o
H (u2/02)" % + (o) %(g_/w) tanh[r"c] o
(SRS
n n n (5.13) ‘\:_'
FH(z;jw) = cosh{r (C+d+z)]/cosh[r CJ] NEN
m , o n o’
FH(z;Jw) = cosh[r (C+d+z)]/cosh[r'Ccj . »
Substituting (5.13) into (5.3) and the latter into (5.6), we ob- RN
N
tain :'.'_';
n ) _ -1,.n .. n, . d
h3 (x,z;t) = L "[RO (x,z;jw} R, (jw)] o
X 1 2 NN
(5.14)
-1 . . RS
h3l(y,z;t) = L7 [R(y,z;ju) Ry(je)] o
.O,-i
where _:::.:
R](x,230w) = 2 HIS(je) clel(x) coshir"(C+d+z))/coshirc] ® .3




|
|
+ i 2(p2/02) /2 expl-r(ju)l/?]
R,(jw) =
| 2 (u2/02)° 7% + (§o)*/%(q_seP) tanhiric]
|
| (5.15)
RT(y,z;jw) = 2 Hls(ju) c:ez(y) cosh[rm(C+d+z)]/cosh[rmC]
. 2(p2/02) 172 expl-r(jw)l/?]
R,(jw) = .
2 (u2/02) 7% + (j0)/%(n_sw®) tanh(r®c]
Since L_I[R?(x,z;jw)] and L-I[RT(y,z;jw)] can be written in terms
of the incident time domain source fields (5.1)
-1 s, . _ . -1 8 _ ]
® L [Hlx(Jw)] = L [L[hlx(t)]] = hlx(t)
and
-1 8, . _ . -1 8 _ 8
L [Hly(Jw)] = L [L[hly(t)]] = hly(t)
which are assumed to be known functions of t for t > 0 and since
L™ (R)(jw)] and L™'[R)(jw)] are also known [Campbell and Foster,
No. 809116
LT HRE Gl = 2 2R ()
- (5.16)
L 1[R2(Jw)] =2 £™(t)
where
. r(t) = t—l/zn exp(- 4Ti) - {*2 exp AR t
al/%y (b™) b®  (b")2
. J
16G. A. Campbell and R.M. Foster, Fourier Integrals for
Practical Applications, D. Van Nostrand Company, Inc.
.
Princeton, N.J. (1948).
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(5.17)

Crv E e
vk
a_t

L]
Rt

iJ"
[ SR
o

"
9 % &

¥
4

.l .'
"y

.

qotanh[rnC]

o
el
"
5
&

i/2

14

[

-
X

w2(p2/02)

LA TR

(5.18)

HaZ e

.

'

qotanh[rmC]
172

o
3
1

'
.
s ¢
Lt

wh(p2/02)

P

and erfc[f(t)] is the complementary error function

o 2

vty gt

o

nl g
.

erfc[f(t)] = —%77 [ exp(-vz) dv (5.19) A
n

» s
o .

f(t)
156

it follows from the convolution theorem [Doetsch, No. 23] that

L4

P

,
|

the inverse transforms in (5.4) can be written in terms of

=3

h12(t), h12(t), r"(t), and r™(t). That is, s
X Yy S
h3:(x,z;t) = 4 cZeg(x) 1%(t) cosh[rn(C+d+z)]/cosh[rnC] N
(5.20) ®.
h3$(y,z;t) = 4 crel(y) 17(t) cosh(r"(C+d+z)]/cosh[r"C] =
=

A

N
150. Doetsch, Guide to the Application of LaPlace Transforms, D. Qﬁ:
Van Nostrand and Company Ltd., London (1961). gu
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where the convolution integrals In(t) and Im(t) are

t
L 1%(t) = | h1j(t-g) r(2) dg
‘o
(5.21)
m t
I™(t) = | h1%(t-g) r™(g) dg .
y
[ 0

Substituting (5.20) into (5.5) gives the desired expressions for
h3x(x,z;t) and hSy(y,z;t). The complete statement is as follows:

b Approximate expressions for the time domain magnetic fields

at any point inside a continuous enclosure due to a transient

external electromagnetic source generating spatially uniform

b fields on one wall of the enclosure can be written in terms of

the tangential components of the source magnetic field hl:(t) and

hli(t) incident on the outside surface of that wall as follows

o
h3_(x,zit) = 4 2 cZe;(x) 1%(t) cosh[r™®(C+d+z)1/cosh[r™C]
n=1
(5.22)
- 4
h3 (y,zit) = 4 2 c;ez(y) 1™(t) cosh[r®(Cc+d+z)])/cosh[r™C]
m=1
where
t
1"(t) =

J hli(t-g) r'(g) dg
0
t

1®(t)

J hl (t-g) r"(g) dg
0

rn(g) and rm(g) are given by (5.17), r" and rm by (5.10), and the

remaining quantities are as defined in section 4.1.
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When hli(t) and hl;(t) are specified, the convolution int-
egrals can be evaluated for each n and m, and h3x(x,z;t) and
h3y(y,z;t) can be computed using a truncated version of (5.22).
However, the integrals cannot usually be reduced to closed-form
expressions, and, therefore, must be evaluated using a numerical
integration technique. Since these techniques replace integrals
with sums over the time interval of interest (0,t) for each term
in the series, the single sums in (5.22) become double sums.
Calculations based on (5.22) where the integrals have been eval-
uated using the trapezoidal rule with 40 points per interval and
the series are truncated at n = m = 10 show excellent convergence
for most locations and time intervals. This approach was used to
obtain the waveforms in figures 14, 15, 16, and 17, where the in-
ternal fields h3y (solid curves) are multiplied by a scale factor
of 104 and the incident fields hl; (dotted curves) are given by
the following:

Double exponential hli(t) = exp(—4x106t) - exp(-4x108t)
Rationalized exponential hli(t) = 1/[exp(-3x109) + exp(2.3x107t)]

Damped sinusoid (1.59 MHz) hli(t) = exp(-4x10%t) sin(1x10"t)

Damped sinusoid (6.37 MHz) hli(t) exp(—2.5x106) sin(4x107t)

the enclosure is characterized by

A=6.1m B : 3.66 m C=6.1m d = 3.8%10" % m

02 = 4.33x10° mhos/m  p2 = 12.6x107' h/m
and the location is the center of the enclosure

Xx =y =0.00m , z = - 3.05m .
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1.8 INTERNAL MAGNETIC FIELD (h3y) IJ AMPS/M TINES 10(4)
R FOR ENCLOSURE PARAMETERS AND INCIDENT FIELD | SHOMN BELOW

5
s
.l.?‘b

i

,'."5'.

3
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8
» h3, X 18(4)
.6
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A= E.1 m,B=2366m C=6])n,d=38X18(-4) n RN
a2 # 4.33 X 18(b) nhos/m, 42 = 12.6 X §18(-7) h/m

x=0.00n y=0.00n z=1r30n
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.

e
y
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7
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hiy + EXP(-4X18(5) t) - ERP(M.76K1B(8) r) A/n

200 400 660 860 1000 1200

t (Nanoseconds)
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» Figure 14. Transient magnetic field h3y x 104 A/m (solid g
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curve) at the center (x = y = 0.00, z = -3.05) of a
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continuous enclosure with one wall exposed to hl:

e
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| (dotted curve) with a double exponential J.

waveform.
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18 INTERMALl MARNETIC FIELD (h3y) 14 APS/H nnés 18(4)
: FOR ENCLDSURE PARAMETERS AND INGIDENT FIELD | SHOMN BELDW
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h3y X 18(4) |
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4 A=61w B=366n C=6]n d=23.8%18(-4) n )
o2 4.33 8 18(5) mhos/n, K2 = 12.6 X 16(-7) h/m a7
x=F.BBn,y=3.BBm,z=-3.85n -

M

h1§ £ 1.0/(ERP(-B.B2SKIB(9) }) + EXP(2.25K1B(7)t) A/p.

200 400 668 800 1000 1200
t (Nanoseconds) <
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Figure 15. Transient magnetic field h3y x 10‘ A/m (solid

e Me
A

curve) at the center of a continuous enclosure with one
wall exposed to hl; (dotted curve) with a rationalized

exponential waveform. L
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INTERNAL MAGNETIC FIELD (h3,) [J APS/M TIMES 18(4)

1.8 A FOR ENCLDSURE PARAMETERS AND INGIDENT FIELD [ SHOWN BELOW
8 4+
hy X 18C4)| ¢
D
4 :C ',n\

Py ET : | _d-r j q X \1]/7 \7 ;\M

v - : ;. : : : \ l7
: ; : : ! v/

iy | i p=bam B=3l66m, C= 60w, d= 3.8 16(-4) n
|V eeremn 18(5) shos/n, 42 = 12.6 X J0(-7) h/n

-8 {/ x=0.08n y=008n z=|3.05n

-8

. hiy ¢ EXP(-.B25K18(8) t) SIN(4.B KIB(D)E) Afm |
' 280 408 600 860 1800 1200

t (Nanoseconds)

Figure. 16 Transient magnetic field h3y X 104 A/m (solid
curve) at the center of a continuous enclosure with one wall
exposed to hl; (dotted curve) with an exponentially damped,

6.37 MHz sinusoidal waveform.
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B INTERNAL, MAGNETIC FIELD (h3,) IN APS/M TIMES 18(4)

: FOR ENCLDSURE PARANETERS AND INGIDENT FIELD | SHOMN BELOW

8
h3, X 18(4)

6 14—

) //\

]
2 4L sl
— %//\.\ et
1
-2 “‘#/////
iy A=6.1n B=366nC=6dn d=38%18(-4) n
@2+ 4.33 % 18(6) nhos/n, #2 = 12.6 X J8(-7) h/n
-6
x=0.00nm y=p0B0n 2z=F3.8n

-8

L HS ¢ ENPC-.B44J008) £) SIN[1.8 RIB() }) A/m

v 280 480 600 860 1600 1200

t (Nanoseconds)
Figure. 17 x 104 A/m (Bolid

curve) at the center of a continuous enclosure with one wall

exposed to hl: (dotted curve) with an exponentially damped,

1.59 MHz sinusoidal waveform.
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These waveforms agree with earlier results of Monroe® who

based his calculations on a one-term approximation to the trans-
ient field at 2z = ~d. They show that T3, the time required for
h3y to reach its maximum, is greater than the characteristic dif-
fusion time of the enclosure Tc’ where
T = 7/4 = 02 p2 a°/4 (5.23)
& 200 ns, (1ns =1 x 107 g)

for all four incident waveforms and is independent of T the

1’
time reqiured for hl; to reach 1its peak. For these cases, T3
depends primarily on the duration of hl? with a longer pulse pro-
ducing larger value of T3, that is, a slower "rise" time. This is
seen most clearly in figures 14 and 15 where the double-exponen-
tial pulse with a duration of 1000 ns produces an internal field
with T3 & 820 ns while the rationalized exponential with a dura-
tion of 200 ns produces T3 = 420 ns. These figures also confirm
Monroe’s calculations showing that the maximum value of h3y de-
pends strongly on the pulse duration with long incident pulses
generating much larger internal fields than comparable short pul-
ses. Thus, the double exponential with a maximum value (1 A/m)
equal to that of rationalized exponential generates an internal
field with a maximum value nearly five times larger. This is due
to the fact that longer pulses carry more energy at low frequen-
cies which, as shown by figures 8 and 9, are generally less at-

tenuated in passing through the wall of a continuous enclosure.

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).
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The importance of the frequency content of the incident pulse in

determining the magnitude of the internal field is strikingly
illustrated by figures 16 and 17 where in both figures the inci-
dent pulse is an exponentially damped sine wave. Here, the 1.59
MHz sine wave (Figure 17) generates an internal field three times
larger than the field generated by the 6.37 MHz s8ine wave despite
the fact that its amplitude is smaller and its damping greater.
The accuracy of the approximations used to obtain (5.22)
can be gauged by computing |H3y(y,z;jw)| from (56.2) with Tg(jw)
and Fg(z:jw) determined by (5.13) and comparing the result with
|H3y(y,z;jw)| computed with the original expressions (4.6). This
is done in figure 18, where the upper curve is obtained from
-(4.6) and the lower curve is the approximation. For the scale
used here, the two curves are indistinguishable at frequencies
below 20 MHz. Above 20 MHz, the curves diverge with the approxi-
mation faliing farther below the exact curve until the first en-
closure resonance at approximately 70 MHz is reached. At frequen-
cies above the resonance, the curves partially converge but then
diverge again in the vicinity of the second resonance. This al-
ternating divergence and convergence occurs at every resonance
and is superimposed on a general downward trend that is virtually
the same for both curves. Clearly, the principal difference be-
tween the exact and approximate expressions is that the former
accounts for the effects of enclosure resonances while the latter

does not. However, for the case shown in figure 18 and for most
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18(-2)
-\‘\h‘_
—
19(4)
16(-6) ““*\\
IFByl(ﬂ/n) \ kxac.
16(-8) JH}/] IS THE Approximate \ "
MAGNITUDE| OF THE MAGHETIC FIELD|INSIDE Y|
1818 | CONTINDUS ENCLOSURE FOR THE ENCLOSURE S\'\ §
PARAMETER®, LOCATION, AND INCIDENT FIELD GIVEN BELON: NS
18-12) R=61h, B=3.66n, C=6.1n, d=3.8418(-4) » ﬁ
o2 = 4. BIIB(6) mhis/n, K2 =|12.6418(-7] h/n i1
18(-14) X : e.6dmy-= 8-@ mz=-30n \1}
Hiy = exp(jenft) \11‘
2
2

18(2)  18(3)  18(4)  18(5)  18(6)  18(7)  18(B)
FREQUENCY £ (Hz)

Figure 18. Plots of |H3y(x,y,z;ju)| computed from equation
(4.6) using exact expressions for T:(ju) and Fg(z;ju) (upper

curve) and using approximate expressions (5.13) for Tﬁ(ju)

and Fg(z;ju) (lower curve).
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cases of intcrest, the lowest enclosure resonance occurs at a Tad
[ )
frequency where the field is highly attenuated with respect to ‘N
the external field, and higher frequency fields are attenuated E?f
i )
o
even more. Thus, enclosure resonances are likely to have little ﬂ
‘e
LWy
effect on the transient internal field inside most continuous o
enclosures, and the fact that the approximation fails to account ;ﬂu
for resonances will have little effect on the accuracy of the E:
transient responses computed with this approximation. Significant i ey
&>
9,
errors may occur in the case of a relatively large, thin-walled )
3.
enclosure where condition (5.8) is violated. When (5.8) is vio- k;
et
g X
lated, the field at resonance will be less attenuated than the . ::
fields at most lower frequencies, and the transient reponse of ﬁ:;
the enclosure may be dominated by energy coupled into the higher ‘ix;
:f\
frequencies. This is most likely to occur when the incident field , ’“.
- 8
is a narrow-banded pulse centered on, or near, a resonant fre- 3{
;-’:-‘
quency. In such a case, one should not expect the approximation 3{‘
s
to yield an accurate transient reponse. ;;'
For the enclosure used to obtain figures 14, 15, 16, and v“f
17, the critical frequency F_ equals 0.4 MHz and C_/(2B) = 41
MHz. Hence, (5.8) is easily satisfied, and the approximation used L:'
to compute h3y in these figures is valid. The same approximation ;Jv
4
ce
could also be wused to compute h3x for this enclosure since :{}‘
C,/(2A) = 25 MHz also satisfies (5.8). ;
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5.1 Slotted Enclosure

As in the preceding section, we begin calculating the
transient response of a slotted enclosure by rewriting the gener-

al frequency domain expression for the internal magnetic field

o
(4.24) in a form that is convenient for term-by-term application
of the inverse Laplace transform. That is, we rewrite H3x(x,y,z)
from (4.24) as follows
@
- -] (- - -]
H3, (x,y,230) = ) Spx,zidw) + ) ) S2P(x,y,2;50) (5.24)
n=1 n=1 m=1
where
. n s Yy _n n n
Sx(x,z;au) = 2 Hlx(gu) c) ey(x) THy(Jw) FH(z;Ju)
(5.25)
nm L _ s, . y nm nm, . nm, ..
S, (xyy,zijw) = 2 H1 (jw) °hm ©y (x,¥5) Ty (Jw) Fp(z;jw)
yo_ _ _ 2
SR exp yod/Ly) Qoann nn/A
v 2 (5.26)
Chm - " exp(-pod/Ly) PthmKnm nn/A

and apply the inverse transform to this expression Lo obLitain the

transient magnetic field:

i

h3 (x,y,z:t) = LT(H3 (x,y,2;0)]

o o o (5.27)
= §h3:(x,z;t) + } §h32m(x,y,z;t)
n=1 n=1 m=1

where
h3%(x,zit) = L7 [sD(x,2350)]
(5.28)

3P (x,v,25t) = L7 SE™(x,y,2;5u) ]

Thus, to compute the transient internal field, it is necessary to
evaluz*tc ‘he sequence of inverse LaPlace transforms (5.28) where
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Sx(x,z;gw) and SX (x,y,2;Jjw) are given by (5.25) and (5.26). b
As in the case of the continuous enclosure, it will be nec- f:
Y
essary to introduce approximations in order to reduce S:(x,z;jw) ?
ol
and S:m(x,y,z;jw) to expressions that will allow us to evaluate >
their inverse transforms in terms of convolution integrals for Af
L
all n and m. Since figures 11 and 12 show that enclosure reson- k;
:'* ¢
ances can play an important role in determining the largest field ;‘
inside a slotted enclosure over a wide range of locations and ;;
\.':
frequencies, it is clear that approximations (5.9) cannot be ex- S—
~
tended to the slotted enclosure. Thus, Zg, ng, rn, and r™® can- . g
not be replaced by approximations based on (5.9). Instead, we tf
N
must use i
~
n _ . n, . Lo
Z, = n,dw/¢ (jw) »
nm _ . nm, . :q‘
Z0 qoaw/c (Jw) £
n n n (5.29) o
r-=¢(w/C_+a =
r" o= "R Gwr/e 4 o b,
where &:
n ) 2,1/2 P
¢ (Jw) = [(wc) + (Jw) 7] .ﬁﬁ
(5.30)
. 2 . 2.1/2 »
"ge) = D™ e (e By Y "
and
w? = wC n/A
c o .
nm 2 21172 (o-31) 3&‘
w,o o nCo (n/A)" + (m/B) . :ﬁu
N
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®
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A
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® These are the original expressions rewritten in a form that emph- ;
asizes their irequency dependence through the factors cn(ju) and ;::

~

gnm(ju). With Zg, ng, rn, and r™® given by the preceding, the f

”

h., remaining approximations used for the continuous enclosure can be -~
o

applied to the slotted enclosure without any additional loss of :;
accuracy. Thus, we can again replace q3n, anm, Fg(z;ju), and :ﬂ

® Fgm(z:a'u) by b
A

n3" & 27 tanh(r'C) 4

v
73" & zg"‘ tanh{r"®c] ..:

v
n n n (5.32) L

! FH(z;jw) & cosh[r (C+d+z)]}/cosh|[r CJ &
i
F;m(z;ju) & cosh[rnm(C+d+z)]/cosh[rnmC] K

With these approximations for q3n and q3nm, we obtain ?

2jwL "

juLy + Zotanh[r C] :\

-

e
-~
2jwL (5.33) 3
Th" (jw) = y o

H joL_ + 2P®tanh{rPtc) i
® y o 2
from (4.16). Combining (5.33) with Fp(z;jw) and Fg"(z;ju) from o

(5.32) gives j;
‘ N o 2jwl_cosh[r®(C+d+z)) -
Tp(dw) Fplz;je) = - . - ot
ijycosh[r C] + Zosinh[r Cl] N

)

om (5.34) w

o . 2jwL_cosh{r"™(C+d+z)) N
TH (Jw) FH (z;Jw) = ynm nm nm )

¢ joL cosh(r™®c) + z"™sinh(r™®C]) ’.
y o o~

Substituting (5.34) into (5.2%) and the latter into (5.28), we 5

obtain ;2

¢ h3%(x,z;t) = LTI (RT(x:jw) RD(z;jw)] '
X 1 2 “A
2
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3" (x,y,z;t) = L'1 R?m(x,y;.ib)) R'Zm(z;jw)]

where
RT(x;ju) = 2 c:e {x) HI1 (Ju)

2 Lyg (jw) cosh[gn(ju)(c+d+z)/C°]

>

R

n, ..
Rz(z,ow)

5

Lyc“(jw)cosh[cntjw)C/col + n_sinh(¢"(jw)C/C_]

:’ ‘-".:

(5.36)

[ % WY

nm Vs - y ;
R1 (x,y;jw) = 2 L€ y ®(x,y) H1S (JW)

v
";‘

'

2 Lyc Biw) cosh[gnm(jw)(c+d+z)/co]

Nl
‘

s

nm s _
R2 (z;Jjw)

Lygnm(ju)cosh[gnm(jw)C/CO] + qosinhlgnm(jw)C/Co]

W
A

nm

“x

and 2", z®, r", and r

o o have been replaced by (5.29) ard (5.30)

ey .
»
E

after dropping the absorption terns a” and a™® from the latter.

”.
N
IR

Following the same approach used for the continuous enclo-
sure, we Wwill compute the inverse transforms of RT(x;jw),

R;(z;jw), R?m(x,y;jw), and Rgm(z;jw) and use these quantities to

L4

""-.‘u!q. K <..'..

N

write h3:(x,z;t) and h3:m(x,y,z;ju) in terms of sequences of con-

A

¥,

volution integrals by applying the convolution theorem to (5.35).

.,
1)

Since hls(t) is the inverse transform of H1°2 (Jw), we obtain the

] ‘\‘ ;1/1/ ',

inverse transforms of R (x;Jw) and R (x,y Jw) immediately;

.
FRE A
g 2

haal

Fan

ri(x;t) = L7 [R1<x;5w)1 =2 cle "(x) h1(t)

nm -1_.nm s $5.37)
rp (Gyit) = LTURY (G Y ge)] = 2 ef el (x,y) h1Z(t)

l‘l

A

However, the inverse transforms of R (z;jw) and R (Z,JU) are not

PAAPAP U
&% 4SS
‘.A"./)(,-.'.

as readily available. These transforms do not appear in any of

1

.'v
.

the standard collections, and, therefore. they must be calculated

n.:l.:'/-l.

s

directly without recourse to tabulated functions. The most

s
PRl
ey

|

C s
ST,

) - NG W
-" 2 J'\.\._‘...r.:r_.r % . _-r\r\."._."’ \.r e ,r { .-\.»‘. o \,-\ \ \




straightforward way to do this is by carrying out partial frac-

tion expansions of Rg(z;ju) and Rgm(z;jw) and applying the in-

verse transform to each term in the expansions. Since R;(z;s) and
Rgm(z;s) are meromorphic functions17 of the complex variable s,
these expansions and their inverse transforms will be infinite

series. The derivation in appendix A. gives

(- -3
W (z)
n, .. A n,?2 . 2 k
Rz(z’\]w) - W—r + 2[(‘90) + (Jw) ] 2 ( n)2 . 0 )‘2 . O )2
k=1 ‘“c “k J®
nm, . _ 2 nm, 2 .2 (5.38)
R2 (Z,Jw) - ?—+—-I- + 2[(wC ) + (J(") ]
(-3
§ E kk<z)
LWt e e Gu)f

where wgm and w2 are given by (5.31),

2 ¥ cos[pk(c+d+z)/C ]
W (z) = ° (5.39)
4 [cos(pk) - pksin(pk)] + cos(pk)

uk = kaO/C

and Pk k =1,2,3.... are roots of the equation

* p cos{p) + sin(p) = 0O (5.40)
Applying the inverse transform to (5.38) and wusing transform
17

E. C. Titchmarsh, The Theory of Functions, 24 Ed., Oxford

University Press (1939).
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pairs 33 and 38 in Doetsch15 gives

n

® (0. )% W, (z) sin(w®t)
rplzit) = LTHRR(zige)] = v a(e) -2 5 KK K
n
k=1 “k
(5.41)
o 2 . nm
_ (w, )" W . (z) sin(w, t)
rptzit) = LR Mzige0) = sy -2y K oK
k=1 Yk
where 6§(t) is the delta function and
1/2
uﬂ = [(w2)2 + (wk)z]
{(56.42)
nm _ | nm)2 + )2 1/2
b)k - [A] h)k .

We can now apply the convolution theorem to (5.35) using
(5.37) and (5.40) to obtain

h32(x,z;t) ) c:e;(x) 1M(z:t)

nm y nm nm (5.43)
h3x (x,y,2;t) = 2 ChnCy (x,y) I (z;t)
where
t
1"(z;t) = J h1S(t-g) rh(z;g) dg
0
. (5.44)

1"(z;t) = J h1d(t-g) rj™(z;g) dg
0

These expressions can now be substituted into (5.27) to determine

h3x(x,y,z;t). The final result can be stated as follows:

15G. Doetsch, Guide to the Applicati~n of LaPlace Transforms, D.

Van Nostrand and Company Ltd., London (1861).
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An approximate expression for the time domain magnetic

field at any point inside an enclosure with a narrow, horizontal,

air-filled slot, as shown in figure 7, due to a transient exter-

nal source generating a spatially uniform field over the surface

of the slot can be written in terms of the tangential component

of the source magnetic field hli(t) incident on the slot as fol-

lows

[- -]
h3x(x,y,z;t) = 2 z czeg(x) In(z;t)
n=1
o " (5.45)
+ 2 2 } czmegm(x,y; Inm(z;t)
n=1 m=1
vhere
n t s n
IM(z3t) = J h1x<t—g) rz(z;g) dg
0
nm t s nm
I"(z5t) = J hiS(t-g) ry"(z;g) dg
0
Ez and sz are given by (5.26), rg(z;t) and rgm ar~ given by

{5.41), and e;(x) and e;m(x,y) are as defined previously.

Since rg(z;t) and r;m(z;t) are infinite series for each n
and m, In(z;t) and Inm(z;t) will also be infinite series for each
n and m. Consequently, the single sum in (5.45) is actually a
double sum, and the double sum is a triple sum. When the func-
tional form of hli(t) is specified, 1"(z;t) and Inm(z;t) can be
computed and h3x(x,y,z;t) can be written explicitly in terms of
these sums. For example, if hli(t) can be written in the form of

the difference between two decaying exponentials:

8 - - - -
hlx = ho[exp( 11t) exp 12t)] (5.46)
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then
(- -] (-
. - y_n n .
h3x(x,y,z,t) = 2 2 z cney(x) Ik(z,t)
n=1 k=0
(5.47)
o0 o (- -]
y _nm nm, _ .
+ 2 2 E 2 °nnSy (x,5) I, (z;t)
n=1 m=1 k=0
where
Ig(z;t) = Igm(z;t) = » hli(t) = * h lexp(-7,t) - exp(-v,t)]
n, . - 2 n n
Ik(Z.t) = 2(wk) Wk(Z) Jk(t)/wk
nm, - 2 nm nm
Ik (z;t) = 2(wk) Wk(z) Jk (t)/wk
(5.48)
n ) 92 exp(—vlt) + vlsin(wat) - uﬁ cos(uﬂt)
Jk(t) = v h
o) (v )2 + (wn)z
1 k
_ wa exp(—vzt) + 1zsin(u£t) - uz cos(uﬁt)
Z n, ¢
(15)7 + (w,)
nm . nm nm nm
Jnm(t) o h wk exp(—11t) + 1131n(uk t) - wk cos(wk t)
k - o (v )2 + (Qnm)Z
1 k
nm . nm nm nm
wy exp(—vzt) + 7291n(wk t) - wy (,os(wk t)

nm, 4

(1,0% + (WP®)
Similar expressions can be obtained when hli(t) assumes other
functional forms, such as the damped sinuscid. However, when the
convolution integrals cannot be evaluated in closed form, one
must resort to numerical integration. This has the effect of
replacing double sums with triple sums and triple sums with quad-
ruple sums and can greatly complicate the process c¢f computing

h3x(x,y,z;t).
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The solid curves in figures 19, 20, 21, 22, 23, 24, 25, and ot
26 are plots of h3x(x,y,z,;t) computed with (5.47) and (5.48) for o
the same enclosure used to obtain figures 11, 12, and 13 where :
b the center of the slot coincides with the center 1line of the ;i
enclosure (xC =V, = 0). These curves represent time histories of

the magnetic field at points on the center line of the enclosure

L ranging from the center of the back surface of the slot (x = y = L
0, z = —6.44x10-3 m) to the center of the back wall (x =y = 0, 2z 3"
= -2.7 m). The incident field (5.46) is characterized by ho = 1.1 S%}
A/m, 1 1 x 107 s-l, and 15 F 5 x 108 s-l. These parameters @i

o« o
@

produce a pulse (dotted curve) with a peak field of 1 A/m at t =

o

._
=

v

8 ns. It should be noted that h3x(x,y,z;t) and hli(t) are plotted

T L
%y
e

to the same vertical scale in figures 19 and 20, but h3x(x,y,z;t)

?o

is multiplied by a factor of 10 in the remaining figures. The

ring
. . -9 s
time scale is in nanoseconds (ns) where 1 ngs = 1 x 10 "8, and t = ~
q.- -~ "
’ {
0 ns corresponds to the arrival of the incident field at z = 0. Ll
o b el
The computer time required to complete the calculations for ﬁ?j
2
these figures was significantly reduced by including only the sum :ft
._.'\. V)
over n and k in (5.47), that is, by dropping the triple sum over ":“
l’"’p*
n, m, and k. The approximation 1is justified in this case by dﬁ;
&
2od)
figure 13, which shows that the difference between the exact and g;:
o
approximate expressions is relatively small and virtually inde- \;ﬂ
pendent of frequency at a location (x =y =0, z = - 0.05 m) Sf:
Cay
NQ.
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INTERNAL MAGNETIC FEELD (h3y) IN AMPS/METER
.| FOR ENCLOSURE PARAETERS AND INCIDENT FIELD

1.6

SHOWN BELOH

.8

B = back-wall reflection

h3x ‘ .“”“—"'-'..,.._.
6—— Static Field e, i F = front-wall reflection | |
- B \ -M""""""‘«..,__,, S = side-wall reflection
add L —
/_—__-’\Vﬁ\__\_}v— \ -
, | N*”"”*Nf—y—”x—fkf ’

A=2.7m B=27nC=2.7n d=6.4

% 18(-3) n

=[3.2%18(-8)

.00 m, y =

N, & = 0N
p.00 n, z =

B = 1.60
- 6.4 % 10(-

18(-3) =
)

= 1. 1(ERP(-1K18(7) ¢) -

FXP(-5.00K18

—

(8) t)) (A/

Figure 19,

40

t (Nam‘ss%conds)

88

108

Transient magnetic field h3x ({A/m) inside

3

a slotted enclosure at the point (x=y=0,2z=-6.4X10 “m).
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1.0 INTERNAL MAGNETIC FEELD (h3y) IN AMPS/METER
R | FOR ENCLOSURE PARAMHTERS AND INGIDENT FIELD | SHOWN BELOW
8= %*w (
- B = back-wall reflection
h3x .6 - _ F = front-wall reflection |
' T .., S = side-wall reflection
Initial Pulse Tt
M — el
Static Field s d
27 J/ J/ /%\\\ S
M e A e
= } '[ | } l 2
-.2- 3
; A=2.7n,B=217n, C=2.Pn,d=64{X18(-3) n
~4 [y=|3.5010(B) h, &= 5n, 0= 1.60 f10(-) w.
-4 x=lg.80n,y=g.88n,z=-.169n
hix 7 1.1(ERP(-1R1B(2) t) - FXP(-5.00416[8) t)) (A/h)
-.8
o % % 60 8 160 120
t (Nanoseconds)
Figure 20. Transient magnetic field h3x (A/m) inside
a slotted enclosure at the point ‘x=y=°'ii:;l§§_2)'
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INTERNAL MAGNETIC FIELD (h3,) X [1B(1) AMPS/METER
FOR ENCLOSURE PﬂRﬂMﬁTERS AND IN%IDENT FIELD | SHOWN BELOW

R
a4

Initial Pulse *u|_

Bl

8 . . e
[y . / F

h3x X 18(1)| ./

B = back-wall reflection

_ F = front-wall reflection | |
/ T S S = gide-wall reflection
N

W V T .o
Static Field V\ V / \fl JL\

|
N r '
S - V
| |
I l

P.7n, B=217m C=2.fm,d=6.4%18(-3) n

3.2%18(B) h, @=.5n, O=1.60 K 16(-3) n.
BBn, y=0080n, z=¢ .338 n

= 1.1(EP(-1R18(7) t) - [XP(-5.00%18(8) t)) (A/p)

4 t (Nanagiconds) 0

Figure 21. Transient magnetic field h3x X 10 (A/m)
inside a slotted enclosure at the point

(x=y=0,2z=-.338 m).
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INTERNAL| MAGNETIC FIELD (h3y X [1B(1) ﬂMPS(jMETER
~ FOR ENCLOSURE PARAMETERS AND INGIDENT FIELD | SHOWN BELOW

ST
" thad LARERR

[ B = back-wal i
Initial Pulse e wall reflection

T, F = front-wall reflection »

. B e v,
J T . S = side-wall reflectinn f'.-.‘
) - . A
- A LY
¥ Yo

! .
\‘w—” :‘:x
S

)

Ly W:WMV —

Static Field s

L e

AW

S'-‘b A

¢l
.

P

A=27m B=27n C=270n, d=6.4%18(-3) n

Ly =|3.2818(-B) h, @ = .5 ) 8=1.60 R 18(-3) n.
x=0.00n, y=PBOm z=t .60 m

hi3 £ 1.1(ERPE-1R1B(7) t) - PHP(-5.86%16(8) t))  (A/) 2

LI B 0
[ 1
el

@ v

NN L

8 10 t (Nangggconds) 6 1es 120

'y %

Figure 22. Transient magnetic field h3x X 10 (A/m)

o Yt o o} I-) A ?. ¢ -"- "- '.n """ ';
'!I I.'.‘.l',".'{ & 3,

inside a slotted enclosure at the point

=
&y

(x=y=0,2=-.675 m) &?,
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1.6

INTERNAL

MAGNETIC F1I

ELD (h3y) X

18(1) AHPS/METER

.8

7] FOR ENCL

R PR

ISURE PARAMH

TERS AND INGIDENT FIELD

SHOUN BELOW

h3y X 16(1)]

initial Pulse

B = back-wall reflection

F = front-wall reflection
.6 B\ F e S = side-wall reflection
4t o e
J N
9] v \ kA Y | f[
A AD N Ak
WA B A
V.S
. Y —
5 A=2.7m, B=27n,C=2Pn, d=6.4%18(-3) n
-4 [, =[3.200( B h, @ = 50, B =1.80 F 100D w.
y: x=0.80mn, y=0.80n, z=+1.3"n
hixt 1.1(ERP(-1KIB(?) t) - EXP(-5.B0%18(8) t)) (A/h)
-8
e 40 B 2 18 120
o t (Nanoéseconds) 0
Figure 23.

o

Transient magnetic field h3x X 10 (A/m)

inside a slotted enclosure at the point

(x=y=0,2z2-1.35 m).
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ELD (h3y X

18(1) AHPS

METER
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.| FOR ENCLDSURE PARAME

TERS AND INGIDENT FIELD

SHOUN BELOW

-~

Initial Pulse B

F = front-wall

(B = back-wall reflection

S = side-wall reflection

reflection |]
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R N Ao LN

S

2.7n, B=2

L/n, C =2,

) n, d = 6.4

X18(-3) n

s
SRR

3.2%18(-8)
.80 n, y =

h, &= 54
.80 m, z =

- 2.83 n

, 0 =1.68 ¥ 16(-3) n.

L1 1(Ew(-1R187) ) -

FXP(-5.00510

(8) t)) (R/p)

Figure 24.

40

(x=y=0,22-2.03 m).

t (Nano%%conds)

inside a slotted enclosure at the point
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Transient magnetic field h3x X 10 (A/m)
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1.0

INTERNAL| MAGNETIC F

IELD (h3y) &

18(1) AMPSAMETER

8

'*mham~% FOR ENCLOSURE PARAM

ﬁTERS AND INCIDENT FIELD

SHOWN BELUW

h3y K 18(1) ]

[

Initial Pulse

B = back~-wall reflection
F = front-wall reflection ||

S = side-wall reflection

=

AL
|

N

|

]

~;ﬁfklpj\A

\

iR

]
.
|

[ u 7
/u A=02.7m B=27nC=2

P n,d=6.4

X 18(-3) n

7 LY =|3,2%10(-8)

x=0.00mn, y-=

A.B8 n, z =

h, @ = 5n O8=1.60

- 2.7 m

K 10(-3) n.

m,%,L 1.1(EXP(-1

18(2) t) -

FXP(-5.00%10

(8) t)) (A/p)

2t 48

Figure 25.

% |

Transient magnetic field h3x X 10 (A/m)

(x=y=0,2=-2.7 m).
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10 INTERNAL MAGNETIC FIELD (h3y) K [18(1) AMPS/METER 7
s ..l FOR ENCLOSURE PARAMBTERS AND INCIDENT FIELD | SHOMN BELOW R

8 ) T

3x x 18(1) __ B = back-wall reflection Q
é T _ F = front-wall reflection | :

) Initial Pulse B Rl ™

) R S = gide-wall reflection '
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| A=0.7n, B=27n,C=0.4n,d=64X18(-3) n
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[y =[3.208(-B) h, @= 5w O-1.60 K183 b
g x=8.00n y=pBBnm z=r2.7n %
hiR F 1.1(ERP(-1RIB(7) t) - EXP(-5.06K18(8) t)) (A/p) B
(] -8 :ﬁ
8 49 68 88 16p 20

8 t (Nanoseconds) 1 ."

Figure 26. Transient magnetic field h3x X 10 (A/m)

inside a slotted enclosure where C = 5.4 m at the

point (x=y=0,zz-2.7 m) N
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close to the slot. Moreover, other calculations for this case
show that the difference becomes even smaller as the field point
moves farther away from the slot. Thus, we can expect figures 19
to 26 to accurately represent the wave form of the transient
field while somewhat overestimating its magnitude at 1locations
close to the slot. These curves were generated by truncating the
series at n = 12 and k =72 and calculating h3x at time intervals
of .5 ns using a PC-XT operating at 4.77 MHz. A 70 ns record re-
quired a running time of approximately 11 hours.

The field at the slot as shown in figure 19 1is8 consistent
with the one term approximation of Monroe 1 in that it consists
of a unipolar (dc) pulse carrying a smaller bipolar (ac) pulse
that recurs with certain variations at a fixed interval (18+ ns)
corresponding to the time required by a signal moving at approxi-
mately the speed of light to reflect from the back wall and re-
turn to the front. Since the same features are seen at other
points in the enclosure, we will follow Monroe and refer to these
as the static or stationary field and the propagating field. As
shown in figure 19, the form of the static field is close to that
of the incident field and, like the latter, it approaches zero
exponentially as t + «. On the other hand, the propagating field

has a much more complicated structure that changes with each

lR. 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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reflection and bears no obvious resemblance to the incident

4 field. Clearly, the static field is derived mainly from those
frequencies in the incident pulse that are below the lowest TE

cutoff frequency for the enclosure (flat portion of the curves in

fig. 11), while the propagating field is derived from frequencies
above the cutoff. Thus the propagating field will be continually
reflected between the front and back walls and will continue to
propagate after the static field has decayed to insignificance.

Since the static field is composed of frequencies below TE

cutoff, we would expect it to decay rapidly with distance from
the slot. This expectation is borne out by figures 21, 22, and
23 where it is seen that the peak static field at z = -0.68 m is

only 1/20th of the peak field at the surface of the slot. When
the field point moves an additional 0.65 m from the slot to the
center of the enclosure as in figure 24, the static field is re-

duced to a barely visible level. Thus the static field 1is large
compared to the propagating field only at points very close to
the slot. At most locations in the enclosure, the propagating
field dominates as shown by figures 24, 25 and 26,

The rapid decay of the static field with distance {-om the
slot as shown by figures 20, 21, and 22 reveals the origin of the
propagating field as an initial pulse that is formed from the
earliest and most rapidly increasing part of the internal field.

This pulse which is obscured by the static field in figure 19 ie
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seen first in figure 20 as a spike that peels away from the front
of the static field and arrives at the observation point (z =
-0.169 m) with a time delay of less than 1 ns. However, the full
complexity of the initial pulse and the reflected fields it gen-
erates can be seen only at observation pointe where the static
field is reduced to a level that allows the use of an expanded
vertical scale as in figures 21 to 26. Figure 21 shows clearly
the basic sequence of events that is repeated at every point in-
side the enclosure. First the initial pulse arrives at z = -0.338
m after a time delay relative to the external tield equal to
twice the time delay seen at z = -0.169. Approximately 2 to 3 ns
later, the initial pulse is interrupted by the greatly reduced
static field which 1is interrupted in turn at t & 16 ns by the
arrival of the reflected pulse generated by the initial pulse at
the back wall. Since the reflection coefficent at the back wall
is +1 , the amplitude and polarity of this reflected pulse are at
first identical to that seen in the initial pulse. However, at
later times (t = 18+ ns and t = 22 ns) pulses of opposite polar-
ity appear giving the propagating field its characteristic bipo-
lar appearance.

The presence of negative pulses is puzzling at first since
they are obviously part of the field reflected from the back wall
but cannot be created by such a reflection. The explanation pro-
vided by a study of the remaining figures in this series (espe-

cially fig. 24, 25, and 26) is that the initial pulse is already
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bipolar by the time it reaches the back wall. This bipolarity is 2

@ ®
the result of oblique reflections from the side walls where the E.
-* ¢

boundary condition requiring that h3x = 0 at x = +A/2 produces a =

- <

b )

reflection coefficient of -1. Thus, an initial pulse generated »

o R
with positive polarity (same polarity as the external field) at CQ
- ’,r:'

the slot z = -6.4 x 10 8 m becomes a bipolar pulse due to inter- 33

N

o

actions with the sides of the enclosure and is further modified s

Qe |
by reflections from the front, back, and side walls as it prop- gﬁ
‘a‘.

agates in the enclosure., The negative sections or phases of the :f

LS

propagating field are labeled "side-wall" reflections in the fig- 3y

4 L 4
ures; however, most of these are produced by a series of reflec- g{s
.‘_‘J
tions involving the side wall together with the back and/ or ,Q‘
I,;

front walls, s

® R.
The earliest evidence of a negative phase in the initial .kf

pulse 1is the ripple that occurs in figure 21 just before the E~

static field reaches its peak at t & 10 ns. This negative phase .

[
o

reappears at t = 18+ ns after reflection from the back wall, at t i;

= 22 ns after reflection from the front wall, and at later times SE
corresponding to the arrival of additional reflections from the E;b

‘ back and front walls. The amplitude of the negative phase arriv- Eﬁ
ing from the back wall at t = 18 ns is sufficient to cancel most §§

A\

of the positive phase reflected from the front wall which arrives &Q

-
.'P'

simultaneously at this location.
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The principal features of the transient response are seen
even more clearly in figure 22 where z = - 0.675 m. At this loca-
ation, the initial ©pulse arrives after a time delay equal to
twice the delay seen in figure 21, and its negative phase pro-
duces a more pronounced ripple as it rides on the rising portion
of the static field. Since the location is now closer to the back
wall and farther from the front wall, the back-wall reflection
arrives earlier and the front-wall reflection 1later than in
figure 21. This difference in arrival times effectively separates
the front-wall reflection from the back-wall reflection allowing
positive and negative phases of each reflection to be seen
without interference,

The time delay of the initial pulse and the separation of
the front- and back-wall reflections increase still more when the
location moves to the center of the enclosure (z = -1.35 m). As
shown in figure 23, the positive phase of the initial pulse ar-
rives after a delay of 4+ ns, and the first back-wall reflection
arrives 9+ ns later. All subsequent reflections of the positive
phase are also spaced 9+ ns apart, This is exactly what one would
expect at this location for a pulse traveling at a constant
velocity. Furthermore, since the static field is small, the
negative phase of the initial pulse is clearly visible for the
first time at t = 10 ns. Subsequent reflections of the negative

phase are indicated on the figure; however, these, unlike posi-
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tive phase reflections, do not appear at completely regular
intervals,

At the point z = -2.03 m midway between the center of the
enclosure and the center of the back wall (fig. 24), the delay of
the initial pulse increases to 7+ ns, and the separation between
the initial pulse and its reflection from the back wall is small
enough so that its negative phase partially cancels the positive
phase of the reflection at t = 12 ns.

Figure 25 shows the initial pulse arriving at the center of
the back wall (z = -2.7 m) with a delay of 9+ ns and combining
with the reflected field to give a net field with the same form
a8 the incident field, The initial pulse is interrupted at t = 27
ns by the return of its positive phase after reflection from the
front wall. Succeeding reflections from the front wall arrive at
intervals of 18+ ns corresponding to the time required for the
pulse to travel from the back wall to the front wall and return.
The 18 ns interval between the arrival of the initial pulse and
the return of its positive phase, combined with the absence of
the static field, provides the clearest picture of the initisl
pulse to be seen in these figures. It shows that the pulse in-
cludes not Jjust a single cycle of positive and negative phases
but also a second cycle with reduced magnitudes beginning at t =
20 ns. Evidently, the initial pulse consists of a train .f such
cycles generated by side-wall reflections. The folding of this

train back onto itself at each reflection from the front and back
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walls accounts for the increasing complexity with time of the
transient waveform.

Since the reflection coefficient of the back wall is +1, we
should expect the initial pulse to be doubled in magnitude when
it combines with its reflection at z = -2.7 m in figure 25. One
way to verify this result is to recompute the field at z = -2.7 m
for the same enclosure with the back wall removed. This has been
done in figure 26 by setting C = 5.4 m, that is, by analytically
moving the the back wall to z = -5.4 m. Comparing figure 25 to
26, we see that the peak magnitude of the initial field in figure
25 1is indeed much larger than it is in figure 26, although it
falls somewhat short of being twice as large. This discrepancy
may be due to plotting inaccuracies associated with our choice of

a 0.5 ns time interval for these calculations.
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6. COMPARISON BETWEEN COMPUTED AND MEASURED FIELDS INSIDE ‘,-::3; :
£ Y]
t SHIELDED ENCLOSURES ®
ey
2
s
Although rectangular enclosures have been used for at least 5%?
Lot
k s8ixty years as electromagnetic shields, there is surprisingly )
ey
little experimental data in the avaliable literature that is ;?j
oy : 3
directly relevant to this type of shield. Most published data e
b relates to shields with simpler geometry, such as the plane sheet ‘®
vt
and the sphere. This is probably due to a desire to avoid the ol
w0
!-,. v
complexity of the rectangular geometry by using more amenable ;;’f
l- .
ot
structures that might be expected to approximate the rectangular e
N
] l\
enclosure for certain ranges of frequency, for example, the sheet fﬁt
.-".)\
)
for very high frequencies and the sphere for very low frequen- 2@&
oy,
cies. Moreover, those reports that do provide data on rectangular . &
enclosures frequently fail to disclose all the relevant informa-
tion. Examples of commonly omitted information are the enclosure
dimensions, the location of the internal field sensor, and the
ioeg.
locations and orientation of slots and seams. i?@’
Y
[ a"a
In this section, we reproduce two of the most complete sets ::;
D)
of experimental shielding data for rectangular enclosures and ?9
N
compare this data to calculations based on the theoretical expes- QR:?
NN,
sions we have developed in the preceding sections. Both sets are Eg’-
e
frequency domain data and, as is the usual practice for measure- o
R
>
ments of this type, are expressed in terms of the shielding :}i
.r{.-_
MUK
«n
s
[
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effectiveness (or shielding efficiency) SE of the enclosure. SE ?'
L‘

is defined as follows: N
>

v

” 4

|H | yﬁ

SE = - 20 log|—P (dB) (6.1) ¥

H -4

|Ho | >

s
3

where Hp is the pth component of the magnetic field measured at -}
-"‘!'
a specified location inside the enclosure generated by a specifi- N
ed source outside the enclosure and H; is the same component gen- 3
erated by the same source at the same location when the enclosure i@
:i' .

walls and ceiling have been removed. That is, Hp is the shielded . Q
field at a location, H; is the unshielded field at the same loca- 51
v
tion due to the same source, and the logarithmic difference be- ;:e
)
. ]

tween the magnitudes of these quantities in dB is defined as the X =™

shielding effectiveness of the enclosure at that location. This
definition 1is intended to characterize the shielding properties

of the enclosure in a way that is independent of the source ex-

TS

cept for its frequency. If SE can be measured in a way that |is

independent of the source, then it can be used to predict the E:i
oy
shielding performance of the enclosure against the magnetic field 7_;*1
from any source, provided that the frequency of source is known. S&
However, in general, it 1is not possible to measure SE at any E\(
y
point inside an enclosure in a way that is independent of the 7 :\
source. This is due to the fact that two different sources S1 and ﬁg
23
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=
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S2 will produce unshielded fields, say H;l and H°2 that vary in

different ways throughout the volume such that in general at any

location
1 ol 2 o2
H H # |H H 6.2
o /(M| = HE |/ 0% (6.2)
where H; and Hz are the shielded fields corresponding to S1 and

S2 respectively. Nevertheless, there are classes of sources for

which
1 ol 2 02
H H = |H H 6.3
ENUL NV (6.3)
for any sources S1 and 82 belonging to such a <c¢lass. In this

case, when SE is obtained from (6.1) using measurements made with
one source belonging to this class, it characterizes the shield-

ing of the enclosure with respect to all sources in that class.
That is, once SE is determined in this way, it can be used to
predict the shielding properties of the enclosure against magnet-
ic fields from any source belonging to this class. An example of

a class of sources for which (6.3) holds is the class of all

sources that generate spatially uniform unshielded fields
throughout the region of interest. For any two sources S1 and S2
belonging to this class
ol . 02
H = A H 6.4
p oJw) D ( )

at each point where Ao(jw) may be a constant or a function of
frequency but is independent of the spatial variables. In this

case, the shielded fields will obey the same relationship:

1 _ . 2
Hy = A (jw) K (6.5)

at each point and (6.3) will be satisfied. Consequently, SE as
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defined by (6.1) completely characterizes the shielding proper-

ties of the enclosure with respect to the class of sources that -
expose the enclosure to spatially uniform fields.

We can use our expression for the field inside a continuous

R . - ; x
(1“{,‘-',;‘,_{.{&? . = A "-'1‘-'.:;'

enclosure exposed to uniform fields on one wall to compute the

theoretical shielding effectiveness of these structures against ﬁ?t
.._:
the class of uniform sources by substituting H3p(x,y,z;ju) from $~
I{'-
-}

(4.6) for the shielded field Hp and Hl:(ju) for the wunshielded -

field H; in (6.1):

XA

|H3 (x)y,z;\jw)l
SE(x,y,z;w) = -20 log P . . (6.6) -
|H1p(jw)|

M r; (LN
‘_‘}’; .-"f'a P "‘f‘

(When more than one wall is exposed to the field the contributios

from all must be added at the specified location to determine the

S n'.-"f"‘
‘-'i,-,,r"f

total unshielded field H3p(x,y,z;jw)). Calculations using (6.6)

v
At

-
% e

»

can then be compared with measurements based on (6.1) to deter-

mine whether or not the theory is supported by experiment. It

S ",_T.',!

”.
[y

should be noted from (6.6) that SE is a function of the spatial

A
s

variables even though the unshielded field is not.
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b 6.1 Continous Copper Enclosure with Soldered Joints Q%L
Cu

L

AN

18 . . N

In 1964, J. B. Hays published the results of shield- N

N

s

P ing measurements that had been carried out by E. D. Sunde19 on an v
8 x 8 x 8 ft. cubical structure constructed from 10 mil copper :{-c:

\:.‘\-:_

sheets soldered together along their edges. The experimental set- :_r‘-\j_

NN

L up used in these measurements is represented schematically in .z“
part A) of figure 27. It consists of a signal generator driving a ?

" *l

circular coil 80 ft. in diameter surrounding the copper cube '_‘x:'

Y

L which contains a smaller coil used as a magnetic field detector. by
o

The purpose of the large coil and generator is to produce an ‘_:«.:

P

unshielded magnetic field with a single spatially uniform compon- _';L-':

e
AL,

nent H? over the volume occupied by the enclosure. This allows

r
i@ o

&
g
u

easy determination of H; ,which can then be combined with the

'\-f\
Ny

shielded field Hy measured by the loop detector to give SE using Q;ﬁ

[

IR

i' (6.1). With this setup, Sunde was able to measure the shielding fg?
effectiveness of the copper cube over a frequency range from less ;Sf

=

than 100 Hz to 40 kHz. His data (reproduced from curve d of fig. :2}

b 1 in reference 18) is shown as the broken line in part B) of fig- *fﬁ
ure 27. RO

N

The solid curve in part B) is the computed shielding 5?1

-.'_x:

P effectiveness obtained with the aid of H3y(y,z;ju) from equation -."
.":\':
18J. B. Hays, IEEE Spectrum, Vol 1 , May (1964). :ﬂﬁ'

R O

b 19}2. D. Sunde, Switching Center Shielding Against Atmospheric ;*
Induction, Bell Telephone Laboratories (unpublished memorandum). E%;

T
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(a) experimental setup

Signal Delector | H v <
igna o)
generator @T‘. - oy

i
\

r_z

\—— 8 feet—

80 feet i
iz
(b) comparison of measured and computed shielding effectivenness ‘i
e
SE 1S T %
140 SHIELDING EFFECTIVENESS IN dB Of 8 CONTINUQUS :
ENCLOSLRE] AGAINST HARNETIC FIELLS FOR THE ROLLOYING S
- ENCLOSURE] PARAHETERS| AND LOCATION: ;;
A=B=f=2.438n) d=2.5518(4) n / b
100 o2 = 5.BX10(7) phos/n, p2= 12.6818(-7) h/n Y
»
SE (d1) x=000n, y=0.00n, 2=~ 1.219// ;.‘
80 — N
A R o
/, 0
4;7/// computed ;,£ 
60 o ‘

NIl :
7 ,\

measured

20 <

»

5 &

PRIy
1 [

0@ 1@ 1@ 10 106 180 %
FREQUENCY £ (lz) 3

ﬂ'

=

Figure 27. Shielding effectiveness (SE) of a cubical copper 'i

enclosure with soldered joints: experimental setup and comparison

of measured and computed shielding effectiveness.
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4.6). In applying this expression to the setup shown in part B), ﬁf

-.\

it was assumed that the detector was located at the center of the ?'

L

cube which in our standard coordinate system is given by x = y = t}
l.f
4',;-

0, 2z = -1.219 m. (The actual location was not mentioned by Hays, a;
e but it appears highly likely that a desire to preserve symmetry ’;‘f
would have dictated this choice). Since the total field at the ;ﬁ
center of a uniformly illuminated cube is the sum of equal con- (5‘
tributions from fields entering through each of the cube’s four ;;

. &
vertical walls, the theoretical expression for the shielded field ?‘»
at this location is 4 H3y(0,-1.219;jw) and the computed shielding :;:
effectiveness is obtained by evaluating }ﬂ'

¢ »
2
<.l.-
4 |H3_(0,-1.219;jw) | R
SE(0,0,-1.219;w) = -20 log Y (6.7) o
. Yo
|H1y(3w)| <

®
[Ny l...‘..m" 9

as a function of f = w/2n for i:ﬁ
-4 Vo)

A =B =C-=2.438m, d = 2.54x10Q m NN

- »

i 02 = 5.8x10" mhos/m, p2 = 12.6x10" 'h/m. 2
N

Y

Comparison of the two curves shows good agreement at the ;:

1:'/-
higher frequencies. There is, however, a divergence below 4 kHz :ag

4 | d
that causes the measured values of SE to fall below the computed o

values. This divergence may be due to the fact that condition ;g

(2.8) 1is not satisfied at these frequencies for 10 mil copper 55

¢ ®
sheets. That is, the thickness of the sheet is not larger than it

-"l'

-"I

the skin depth of the field in the sheet at these frequencies as .;n
assumed by the theory. This means that multiple reflections can ;?_

. [
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o occur inside the sheet which may result in a larger internal 6‘.
- field and a smaller shielding effectiveness than can be accounted
l
f for by the theory in its present form.
s
> -
®
; 6.2 Slotted Steel Enclosure
%
N \
W g
v \J
; The effect of slot length a on the shielding effec- .
" tiveneses of &a cubical steel enclosure was investigated by E. M.
’
: Honig, Jr.zo using the experimental setup shown in part (a) of
a figure 28. Unlike the arrangement employed by Sunde for the
®
=5 continuous enclosure, this setup is not designed to generate a
o
> spatially uniform source field. Instead, a Bmall loop source is ¢
“J
lJ used to generate a strongly nonuniform field throughout the vol- .
:’ ume occupied by the enclosure. The advantages of Honig's setup
> are that it can be used at higher frequencies and generally pro- ;
% b
>, .
b duces a greater dynamic range for measurements on enclosures of "
e this size than does Sunde’'s. Its disadvantage is that measure- .
Py 7
': ments of SE made in this way using (6.1) depend on the 1location .
~ A
N of the source. That is, the same source located at a different '
X ®
- position with respect to the enclosure and the detector would
N produce a different value of SE. Similarly, a larger or smaller
source at the same position might produce a different value of
®
~ SE. To mitigate this 1limitation, Honig has chosen the setup g
- 7
E 2oE. M. Honig, IEEE Trans. Electromagn. Compat., Vol EMC-19, No.4 ;
N *
1 (Nov. 1977). p 377. .
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called for by two widely used standards for shielding measure-

! ments: MIL-STD 285%) and IEEE 29922  which specify that the

3 source and the detector shall be identical circular loop antennas

‘3 12 in. in diameter lying in the same plane {(coplanar
. arrangement) with centers 18 in. from the enclosure wall. With

;- this set-up, Honig’s measurements can be compared directly to
{ other measurements made using these same standards, even though

N they would not in general be comparable to measurements made on

§ the same enclosure using a different source such as Sunde’s large
i; loop. In accordance with these standards, Honig orients the plane

> of his loops perpendicular to the long axis of the slot. This

‘E orientation produces the most efficient coupling through slots of

N

’E any size and insures that his measured values of shielding

:; effectiveness will be the smallest possible for this setup. It

E allows him to measure the shielding effectiveness of slots

E ranging from 1 to 30.5 cm in length at frequencies of 10 kHz, 40

‘¢ kHz, 200 kHz, and 1 MHz for each slot. The procedure is to remove

g the enclosure wall containing the slot and measure the unshielded

E field Hz at the detector loop due to the source loop and then to

- replace the wall and measure the shielded field Hx at the

? 21Dept of Defense, MIL-STD-285, Method of Attenuation

4 Measurements for Enclosures, Electromagnetic Shielding, for

E Electronic Test Purposes (25 June 1856).

Y

'f 22IEEE, Proposed JEEE Recommended Practices for Measurement of

. Shielding Effectiveness of High Performance Shielding Enclosures,

'E IEEE 299, IEEE Inc. NY (June 1969).
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® detector without changing the arrangement of the loops from that ‘
et
shown in the figure. The latter step is then repeated as the slot ié‘
length is increased in specified increments. The measured Ef*

~

}h‘.

® shielding effectivness for each length is determined by (6.1). Al
L

Honig’s data from figure 8 in his report is plotted versus :'

\‘

o~

slot length in part (b) of figure 28 along with a data point ob- ji

>
.‘;\.

® tained by Axford et 31.23 who measured the shielding effecetive- Pl
A
ness of a cubical steel enclosure with a 50 cm slot using a very SO

*
similar setup. The data shows a strong general trend in the di- :”f

.

n

¢ rection of decreasing shielding effectiveness with increasing %‘
slot length. However, there is a notable subset of the data (a = h :

W
7.5 , 10, and 13.5 cm) where this trend is reversed. The plot ~u
° also shows that, with the exception of one point (a = 7.5 cm), i’
the data for each slot is closely grouped indicating that the :ﬁ:

W
shielding effectiveness is virtually independent of the source :fi

PY frequencies used in these measurements. 5
N

Although Honig's loop source generates a nonuniform un- :;:
T

shielded field ﬁo(x,y,z;jw) throughout most of the volume occu- :$
S

W4

a pied by the slotted enclosure, it will produce a nearly uniform 2
N
" ‘\-
23 . . o

R. Axford, R. McCormack, and R. Mittra, Evaluation of the NN

[ ]

s Applicability of Standard CW EMI/RFI Shielding Effectiveness Test 3ﬁ
Techniques to Assessment of EMP Hardness of Tactical Shelters, fi}
-
Construction Engineering Research Laboratories, CERL-TM-M-307 fiﬁ

N ®

Urbana, IL (March 1982). o

o'
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field over a slot positioned like the one shown in the figure
provided the slot is not too long. For such a slot, we can calc-
culate the field H3x(x,y,z;jw) at any point inside the enclosure
in terms of the tangential compnent of the unshielded loop field
H:(0,0,0;jw) incident on the slot by setting H:(0,0,0;jw) =
Hli(Jw) in equation (4.24). With this substitution, the shielded
field at the center of the detector loop (0,0,-0.49 m) due to the
source loop is HSX(O,O,—O.49 m;jw), and the theoretical expres-
sion for the shielding effectivness that would be measured at

that location using Honig's set-up is
SE(0,0,~.49m;w) = -20 log = (6.8)
|Hx(0,0,—.49m;ju)] |

o
where Hx

{0,0,-0.49 m;jw) is the unshielded source field at the
center of the detector loop. Since H3X(0,O,-O.49 m; jw) is comput-
ed in terms of Hz(0,0,0,;jw), it is also convenient to write the
field Hg(0,0,-O.49 m;Jjw) in terms of Hg(0,0,0;ju). This is easi-
ly done using the fact that points (0,0,0) and (0,0,-0.49 m) are
both in the near field of the source loop where the magnitude of
the field is inversely proportional to the cube of the distance

to the center of the loopl. In this case, since (0,0,-0.49 m) is

twice as far from the center of the source loop as (0,0,0), the

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).
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W
L. magnitude of Hz(0,0,-O.tlQ m; jw) will be equal to 1/8 that of Sy
®
Hz(0,0,0;ju). Thus (6.8) can be rewritten ﬁf.
W
8 |H3_(0,0,-.49m;jw) | 0y
h. SE(0,0,-.49m;w) = - 20 log = . (6.9) R
[H(0,0,0; ) |
i
Since H3_(0,0,-0.49 m;jw) is directly proportional to ‘ﬁ;'
H;(0,0,0;jw), this term drops out when (6.9) is evaluated; and SE ;.ﬁ
:
is seen to depend on the source only through the factor 8. ﬁﬁl
The calculated shielding effectivness for Honig’s setup is ‘;‘
denoted by the solid triangles at « = 1.56, 3.13, 6.25, 12.5, 25, éE
-':\‘
and 50 cm in part (b) of figure 28. This plot was obtained by fﬁ'
N
evaluating (6.9) for each a (expressed in meters) at a frequency Ei‘
of 10 kHz. Only a single frequency was required because previous f%_
NN
lf-
calculations (fig. 11 and 12) based on equation (4.24) demonstra- :3{
e N
o
ted that H3x(x,y,z;jw) is independent of frequency for frequen- ;ﬁg
-
cies below the cutoff frequency of the enclosure. The enclosure s
parameters used in these calculations are fﬁ%
AzB=C=z27m,d=6.4x10"" m e
-~ o
02 = 4x10% mhos/m, w2 = 12.6x107% 1 o
and the slot inductance for each s8lot length a (meters) was iﬁi
o
computed with equation (4,29): .z;
L= 6.4 x 1078 henri >
y .4 x a {henries) ¥$4
o
o

%

‘/-l‘
'y
<
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which was derived from figure 7 of Monroe14. Since Honig did not
specify the location of the slots, it was assuned that they are
centered at the center of the wall where X, =Y, = 0.

Comparison of the measured and computed shielding effec-
tiveness curves shows good agreement for slots less than 6 cm in
length. A divergence occurs at a«a = 7.5 cm, where the measured
shielding effectiveness is larger than the preceding measurments
at 5.5 and 6.5 cm rather than smaller as shown by the computed
curve. Similar divergences occur at a = 10 and 13.5 cm. These
data points run counter to the general trend of both measured and
computed curves and are difficult to explain on physical grounds
since they would require a type of antiresonant ©behavior that
appears to be ruled out at the frquencies used in the measure-
ments. Consequently, the validity of these three points appears
to be open to question. If they were eliminated, the measured
curve like +the computed curve would show SE as a monotonically
decreasing function of a, and the overall agreement would be
noticeably improved. For very small slots (< 1 cm), SE exceeds
the dynamic range of Honig’s measurements (100 to 125 dB), and,
therefore, valid comparisons cannot be made. However, the figure

suggests that SE will continue to increase monotonically as slot

14R. L. Monroe, EMP Shielding Effectiveness and MIL-STD 285,
Harry Diamond Laboratories, HDL-TR-1336, Adelphi, MD. (July
1973).
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L length decreases, until it approches the shielding effectiveness

of an enclosure with no slot, that is, until it approaches the

L] -
At

shielding effectiveness of a continuous steel enclosure. To calc-

.'
‘g'v'r

ulate this limit, it would be necessary to use a modified version

Ll

of (6.9) where h3x(0,0,-0.49 m;Jjw) is computed with an expression

similar to (4.6).
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7. CONCLUSIONS ‘.

O
‘ N ¢
! In the preceding pages, we have used a theory of electro- :

h magnetic shielding based on impedance boundary conditions to ob- -
. tain general expressions for the fields at any point inside slot- ™
3 L

\ ted and continuous rectangular enclosures exposed on one side to <
h arbitrary external source fields. These expressions consist of 2"
5 infinite series summed over the TE waveguide modes where each §
(] t
Y R
, term is the product of one or more mode functions and a Fourier s
4 o
Y coefficient. In the case of the slotted enclosure, the Fourier - A
coefficients are determined by the spatial distribution of the o

magnetic field incident on the inside surface of the wall due to .

& the slot, and for the continuous enclosure they are determined by -
v the spatial distribution of the magnetic field incident on the 2
' )
3 outside surface of the wall. These coefficients were evaluated in .
closed form for the case where the outside surface of the slot is 3;
exposed to a spatially uniform magnetic field and for the case N
W
| where the entire outside surface of the continuous enclosure is f
1] & ?
exposed to a spatially uniform magnetic field. Frequency domain ‘“

- calculations based on these expressions showed that the series N
: converge rapidly. This allowed easy plotting of the internal i~
’ magnetic fields as functions of frequency with the aid of a ’:;
) microcomputer. The plots show that at frequencies below the cut- ?
> off frequency the field inside a typical slotted enclosure is f
Y
2 independent of frequency and the field inside a continuous é’i*
k 142 .
\ .
LW

.
r.
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enclosure is a monotonicelly decreasing function of frequency. At

[
, @

<
{

5

-

frequencies above cutoff; the fields in both slotted and contin-

‘(

uous enclosures show very complex behavior associated with cav-

Coaet
%

ity resonances. The spatial variation of the internal fields is

PN

determined by the boundary conditions at the inside surfaces of Q;y
s A
PPN

the walls. The field reaches its maximum at the exposed wall and s

u
PP

A

L2

decreases monotonically as one moves to the opposite wall.

1

The frequency domain expressions were replaced by series ﬁg;
approximations and transformed into the time domain using a term %é?;
o~ o)

by term application of the inverse LaPlace transform. The trans- G:f‘
formed series were found to converge, and they were used to com- ig%
pute and plot the transient response of the internal magnetic Eﬁ?ﬂ;
fields when one wall of the enclosure is exposed to time-varying 142"
external fields in the form of decaying exponentials, damped ESE
sinusoids, or rationalized exponentials. These plots showed quite é&g;
different responses for the continuous and slotted enclosure in h%?ﬁ
agreement with the results of Monroe 1 who computed the transient EE;?
S

fields at one point on the inside surface of the expcsed wall §i§
using one-term approximations. It was found that the character- '?iﬁA
istics of the field inside a continuous enclosure are determined ES;%.
A

to a great extent by the diffusion time factor r (eq 5.4) and by ?33;

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).

143

-
AT AT

AT e
ST V0 s 2P Y

AR ¢ D N T NP L ¥ o ma e Ta e
Ay - N AT
ANV ) I3 s



L \i ._u.’ﬂ\;‘q__ﬂtﬂ.j_E_U.U.E_E_ICD‘V'_ W ¥,

‘®

A .
& -
¢ .

‘ .
1o .
3 the duration of the incident field. The former determines the .
< »

: shortest, that 1is, fastest, rise time possible by the internal :
N »
@ field, and the latter determines its largest value. Plots of the 4
" fields inside slotted enclosures showed a transient response con- -}

-
1, sisting of the sum of stationary and propagating fields. The sta-
15l

X tionary field dominates close to the slot where it forms a reduc-

. ed replica of the external field. However, its peak field de- '
- @
‘ creases rapidly with distance from the slot so that at most loca-

[x ,
e tions in the interior it is negligible compared to the propagat-

LY
L}

- ing field. The latter travels at approximately the speed of light 3
", .

L J
. and undergoes repeated reflections from the front, back, and ,
ﬁ sides of the enclosure. These reflections produce a waveform that
o
IS becomes increasingly complex with time. The separation of the ,
P %

-~ internal field into these two constituents corresponds to a sep-

. .
N .
" aration of the incident field into the sum of frequencies lying g
LY
~
[ above and below the cutoff frequency with the propagating field }

@ 3

. formed from frequencies above cutoff and the stationary field
\ 4
i formed from those below. The peak value of the stationary field ;
_5 depends principally on the length of the slot, while the peak of

2
z the propagating field depends on the rise time of the external
ij field. That is, longer slots produce larger stationary fields and
- L
o faster rise times produce larger propagating fields.
e
]
o
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® Finallv. calcu'ations based on the frequency doamain evpres- -.~
3

sions were used to compare the theoretical results with two sets hv{

L

of experimental data: one set by E. D. Sunde18 » 189 for a contin- 2&

' t

® uous cubical enclosure formed from soldered copper sheets and the pet
other by E. M. Honig20 for a cubical steel enclosure with one f?

!

wall penetrated by single slot with a variable length. Since the fk:

e data was presented in terms of the measured shielding effective- a9
ness SE of each enclosure, it was necessary to construct thecret- Rl

e

(]
ical expressions for SE ccrrespeonding to the experimental setups o

p of both Sunde and Honig using H3y(y,z;jw) from equation (4.6) and %f'
i’)‘!

H3x(x,y,z;ju) from equation (4.24). Computed values of SE were p‘

L

[

then ©plotted together with the experimental values for easy tﬂf

NN

® comparison. In the case of the copper enclosure, good agreement %“
is found for frequencies above 4 kHz, but a significant diverg- ;:

A

-"\

ence occurs at extremely low frequencies. For the slotted enclo- §~

£

¢

e sure, there is good agreement for slots less than 6 cm in length, E’"
but a divergence is seen for longer slots where some of the E:f
experimental data points show longer slots providing greater Q?
e —————— l\_l

-h‘J

. shielding than some shorter slots. Since good agreement is seen ;“
. :“\
o

18 \"

J. B. Hays, IEEE Spectrum, Vol 1 , May (1964). TN

.:_.

) 195. D. Sunde, Switching Center Shielding Against Atmospheric ér
-\.N

Induction, Bell Telephone Laboratories (unpublished memorandum). ﬁj}

20 A

E. M. Honig, IEEE Trans. Electromagn. Compat., Vol EMC-19, No.4 i&‘

¢ (Nov. 1877). p 377. b
\.}‘
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where the theory is expected to be most accurate (high frequen-
cies for continuous enclosures and short slot lengths for slotted
enclosures), the overall comparison provides a satisfactory veri-
fication of the theory within its present limits.

These results establish a theoretical basis for the princi-
Pal features of electromagnetic shields formed from rectangular
enclosures. However, they do not exhaust the subject. There re-
main many areas open for further investigation relating to both
the general shielding theory and its application to practical
shielded enclosures,

Cne area for possible future development is an extension
of the general shielding tneory to include thin-walled structures
where conditions (2.8) and (2.20) ar not satisfied. Such an ex-
tension might eliminate the divergence between measured and com-
puted SE for the thin-walled copper enclosure at extremely low
frequencies and clear the way for accurate calculations at still
lower frequencies. It might also close the gap between theory
and measurement for enclosures with long slots and lead to cor-
responding results for an enclosure with a resonant slot.
(Although the effect of a resonant slot can be partially account-

ed for simply by replacing q% or q% in (3.35) with =a general
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exnression for the slot impedance14, this would not change the

ih

v
®

fact that condition (2.20) would not be satisfied, and conse- :3:
o
quently the accuracy of the resulting expression could not be D :

v Ty
’Y

« "}
* guaranteed). To make this extenrsicn with assurance, it would be 't
necessary to replace the simple impedance boundary conditions 3jA
-
Y,
(2.2) and (2.10) with more general forms that account for multi-~- Qﬁm
atp
"
o’

v
L d
r

prle reflections inside the walls and slots of the enclosure. If

<1@

these boundary conditions can be developed, then there appears to
be no reason why the remainder of the extension cannot be carried
out in nearly the same manner as the original. The extension
would, of course, be more complicated than the original, but its

likely advantage would compensate for the added complexity

An extension of the theory to enclosures with slots filled 5i3:
with lossy dielectrics could also be very useful. This extension ij
would include both the inductive (air filled) and resistive slots o
A
as special cases and would be a natural model for the radio fre- f;}
quency gasket- a device that is often used ir practical enclo- Q;S:
sures to reduce the magnitude of unwanted fields in open seams. DA
A
I‘v-."
It could also be used to model the effect of paints and metal ﬁ;*
oxides that +tcnd to build up in any unintended opening. These ‘fﬁ:
results could be incorporated directly into the theory in 1its E%i
e
present form by regarding the slot as a rectangular waveguide Catd
.‘.5:-:'}
AT
el
14R. L. Monroe, EMP Shielding Effectiveness and MIL-STD 285, "
’\f'.
f- '.-
Harry Diamond Laboratories, HDL-TR-1336, Adelphi, MD. (July A
L)
1973). O
GRS
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filled with a lossy dielectric and adapting the existing theory12
of these structures to the shielding problem.
A reader who has followed the development to this point

will no doubt be able to suggest many other areas for further

research on this interesting subject.

12R. E. Collin, Field Theory of Guided Waves, McGraw-Hill, New

York (1860).
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APPENDIX A-PARTIAL FRACTION EXPANSIONS OF Rj(z;jw) AND Ry"(z;jw) S
®
K
=
:IL‘:.
*w
Our objective here is to obtain partial fraction expansions g;}f
of Ry(z;jo) and Ry"(z;jw) which are defined by equation (5.36) on -z
e
page 106. This procedure can be shortened by noting that both of ;qﬁ
o
these quantities can be written ir the form: éﬁ“
2 ¥ ¢ cosh[¢(C+d+z)/C]
R(z;¢) = - (A-1) ?i*
¥ ¢ cosh(¢) + sinh(¢) A
A
where ¢ is a complex variable and ¥ is a real parameter. To y‘;
sy s o
recover Rg(z;jw) and Rgm(z;jw) from (A-1), it is only necessary o
to replace ¢ by ;ﬁ&
1/2
2 .2 N
¢ = (C/Co) (wé) + (Jjw) (A-2) g&;
@
b 4 by ::.‘::
$ = (A-3) :._-.:
7 C s
L n nm . K
and w by w, and W, respectively. :*b:
Since R(z;¢) 1is a single valued function of ¢ whose only e
\’j'-‘
singularities are simple poles, it satisfies the definition of =a }ﬁ
meromorphic function and can be expanded as a series of partial 4?,
W
. 1 ):.P
fractions™ in the form Lt
1 1 %
R(z;¢) = R(z;0) + }wk[ ' (A-4) i)
K $ 7%k Sk )
i
SRS
1E. C. Titchmarsh, The Theory of Functions, 2d Ed., Oxford :;:‘
I.' A
:',‘,_'.‘!'
University Press (1939).
(N
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where ck is the kth pole of R(z;¢), Wk is its residue, the sum is
taken over all poles, and

R(2;0) = 2 #/(¥+1) (A-5)
Now the poles of R(z;¢) are the nonzero roots of

F(¢) = » ¢ cosh(¢) + sinh(¢) (A-6)
and it can easily be shown that these form a doubly infinite
sequence of paired imaginary numbers

S = iy k =1,2,3,. ... (A-7)
where P satisfy

¥ p cos(p) + s8in(p) = 0 . (A-8)

Thus (A-4) becomes
- -]
R(z;¢) = R(z;0) + } w; [ 1 + 2 ]
o (A-9)

+ 2 W; [ 1 _ 1 ]

k=1 $ + Jp  JPy
where W; are the residues for the +jpk poles and W; are the
residues for the —jpk poles. Evaluating the residues, we find
+ _ 2?jpk cos[pk(C+d+z)/C]
Wk(z) = - Wk(z) = {A-10)

?[cos(pk)-pksin(pk)] + cos(pk)
Using the first equation in (A-10), we can combine the two sums

in (A.9) as follows
@

R(z;0) + w;(z)[ LIS S ——
k=1 ¢ - JPk ¢ ¢ JPk JPk

R(z;¢)

(A-11)

2 Wy (2)
R(z,0) + 2 ¢

. 2 . Z ’
k=1 ka[g - (ka) ]
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The latter can be rewritten using (A-2), (A-3), and (A-10), as

follows

2 ¥ W (2)

R(ziju) = gopiy + z[(w;)z ‘ <ju)z]

k=1 (ué)z + (wk)z + (jQ72

where
W (z) = We(2)/(3py)

Wy = kao/C

and the partial fraction expansions of R;(z;ju) and Rgm(z;ju) can
be obtained from the preceding by replacing ué with ug and ugm.
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