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ABSTRACT

The relationEhip between electromagnetic-pulse fEMP) shielding
effectiveness and ML. SID-2V5 is investigated analytically. It is
found that measuremerts ..arried out in the manner prescribed by
MIL-STD-285 using small cw dipole and loop sources located at fixed
relative positions 12 in. from the walls will give upper and lower
bounds for the Et'P (plane wave) shielding effectiveness of any metal-
lic structure at all frequencies of interest (102 t.o l0 8 Hz). Upper
bounds are provide4 by dipole measurements and lower bounds by loop
measurements for each EMP frequency .orresponding to a frequency
employed in MIL-STD-285. A closed form expressior. 6(r,f) is obtained
for tne difference betwecn =4P shielding effectiveness and loop
shielding effectiveness. This expression is indeendent of any metai-
lic structure and depends only on the ratio between wave impedances
of the EMP and loop fields. That is, it depends only on the impedance
mismatch between EMP and loop fields at the surface of the structure.
In general, it is a function of frequency f and distance r between
the source and structure. Since b6th EMP and loop wave impedances are
known, 6(r,f) can be explicitly evaluated for a source distance of 12
An. and added to measured values of loop shield:&Lng effectivene:ss to
give estimates of EMP shielding effectiveness at any frequency. A
similar result is obtained for a dipole source. In this way, MIL-STD-
285 measurements can be used to estimate EMP shielding effectiveness.
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1. INTRODUCTION

Natural and man-made e tromagnetic-pulse (EMP) sources, such
as lightni- and nuclear expi ons, are capable of producing tran-
sien', hign-intensity electrom etic fields over a wide area. These
inti '.s fields are a potential c se of damage to sensitive electronic
eqk., %ent unless steps are taken shield the equipment from direct
expus re to the EMP. To provide this sJ-elding, sensitive circuits
are frequently placed within metallic enulosures intended to reduce
tha intensity of ambient fields to a tolerable level by reflecting
and attenuating the external EMP fields. '1'e effectiveness of these
EMP shi Ids is niaturally of greel concern to systems designers, andS~many test methods have been used to measure shielding effectiveness

directly in the f;.eld. Since a full-scale simulation of the actual
•MP source is usually not possible, recourse is often made to test
methods employing much smaller scale electromagnetic sou::ces. One of
the most attractive of these from the standpoint of simplicity and
o,%se of operatic, is the method described in Military Standard 285.1'method uses sall cw 'oop and dzpole antennas located close to

.̀ ielded rnclosure and measures the shielding effectiveness, SE,
i•ms of the etenuation in dB of the received power on opposite

s of the shield when the shield is illuminated by electromagnetic
Sliation. Thus, if E1 is the electric field measured at the surface

of the shield on the side towards the antenia and E2 is the electric
field measured on the side of the shield awe.y from the antenna, the
shielding effectiveness at the source frequency is computed as
follows:

'• E1
- SE = Attenuation (dB) 20 log U(.1).~E2

Unfortunately, the shielding effectiveness of a metallic enclosure as
measured in this manner using a loop or dipole source will not, in
general, be the same as the shielding effectiveness whiLh would have
been measured for the same enclosure if an actual threat EMP (i.e.,
lightning or nuclear burst) had been used. This is to be expected
because the magnitude of SE for any enclosure depends critically on the
wave impedance of the incident field,2 and the latter can vary widely
de•.ending on the type of source (EMP, loop, dipole, etc.) and the dis-
tance between the source and the shield. Thus, tests carrieA out in
accordance with MIL-STD-285 do not measure directly the shielding
effectiveness of a metallic enclosure witi respect to EMP sources.

In view of the preceding, the question arises as to what, if
anything, can be learned fror MIL-STD-285 t'sts concerning EMP shield-
ing. In this study, we will drgue that these .ests give upper and
lower bounds on the shielding effectiveness of the enclosure against
EMP tields. That is, MIL-STD-285 will give best end worst case esti-
mates of EMP-shielding effective.-ness for each frequency component used
in the test. The argument, whizh will be documented in succeeding

1. Anonymous, MIL-STD 285 "Method of Attenuation Measurements for Enclosures,
Electromagnetic Shielding, for [sic] Electronic Test Purposes." Department of
Defense, 25 June (1956).

2. Srhclkunoff, S.A., Electromagnetic Waves, Van Nostrand, Princeton, N. J.
(1943).
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sections, runs as follows: At frequencies of most concern in EMP
fields (102 to 100 Hz), the shielding effectiveness of an enclosure is
primarily determined by the ratio of reflected to incident energy.
The value of this ratio depends, in turn, on the ratio of the wave
impedance of the incident field to the impedance of the en losure,
that is, it depends on the impedance mismatch at the surface of the
enclosure. The greater the impedance mismatch, the greater the ratio
of reflected to incident energy; hence, the greater the shielding
effectiveness of the enclosure. Conversely, zhielding effectiveness
decreases as the ratio between wave impedance and enclosure impedance
approaches 1. It will be shown in section 2 that, under conditions
specified by MIL-STD-285, the wave impedance ZL, ZD, and ZEMp of loop,
dipole, and EMP sources, respectively, are ordered as follows:

IZLI<IZEMPIz377S?<IZD (1.2)

It will be shown in sections 3 and 4 that the impedance, ZS of a
typical enclosure (which may have one or more narrow apertures) is
bounded as follows:

!ZsI<IZLI (1.3)

Combining equations (1.2) and (1.3), we obtain

l< jss < (1.4)

This relationship shows that the impedance mismatuh for EMP fields is
bounded above by the mismatch for dipole fields and below by the
mismatch for loop fields which is, ifi turn, greater than 1. It fol-
lows that the shielding effectiveness of the enclosure against fields
produced by these three sources will be ordered in exactly the same
way, and we conclude that tests carried out in the manner prescribed
by MIL-STD-285 using dipole and loop antennas will qive best- and
worst-case estimates of the EMP shielding effectivenzs'-

Calculations described in sections 3 and I show that the
difference between SE foi a dipole source and SE for a loop source is
usually quite large when sources are placed very close to the slAi-d
in the manner prescribed by MIL-STD-285. Differences of more than
200 dB are typical at the lower frequencies, and it is to be expected
that shielding of the dipole field will often exceed the sensitivity
of the receiver. In view of this, it would appear that the spread
between upper and lower bounds provided by MIL-STD-285 neasurements
will be too great to yield accurate estimates of EMP-shielding effec-
tiveness. Of course, worst-case estimates ubtained from loop maas-
urements will always err on the safe side. However, these estimates
will be unnecessarily conservative in most cases. Calculations il,
sections 3 and 4 for typical enclosures show that SE can be up to 100
dB greater against EMP fields (considered as plane waves originating
at infinity) than against loop tields. A more accurate estimate of
EMP-shielding effectiveness is clearly needed. This could be ob-
tained physically by moving the antennas far enough from the enclosure
so that ZLZD ZEMp.. 3 7 7 Q. However, this procedure is not practical at
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the lower frequencies, and, in any case, most of the operational ad-
vantages of MIL-STD-285 would be lost if it were attempted. Fortu-
nately, such a procedure is not necessary, and much more accurate
estimates of EMP shielding effectiveness can be obtained by analyti-
cally adjusting loop and dipole measurements. These adjustments arc
based on the following flinctional relationships between loop-shielding
effectiveness, SEL, dil i-shielding effectiveness, SED, and EMP-
shielding effectiveness, SEEMP:

ZEMP•6 SEEMP - SEL 20 log

6 = SED - SEEMP = -20 lo •p

which are obtained in section 5. According to equation (1.5), the
difference between EMP-shielding effectiveness and loop-(dipole)
shielding effectiveness depends only on the mismatch- between EMP- and
loop- (dipole) wave impedances and not on the enclosure. Since Z

L, and Z are known, these differences are easily calculated as unc-
tions of ?requency. The resulting curve (fig 9) provides a means of
adjusting MIL-STD-285 measurements to give estimates of EMP-shielding
effectiveness. One need only add 6 to the loop measurements and sub-
tract 6 from the dipole measurements. In this way two independent
estimates of SEEMP can be obtained at every frequency where both loop
and dipole measurements are made.

2. WAVE IMPEDANCES OF SMALL LOOP AND DIPOLE ANTENNAS

MIL-STD-285 specifies a 12-in.-diameter loop antenna and a
41-in. monopole antenna with a conducting counterpoise. At the fre-
quencies of interest, sources with thcse dinmensions will be small
compared to the radiated wavelength, X, and, consequently, they may
be regarded as elementary loop and dipole sources. The fields of such
sources are well known. For an elementary dipole located at the
origin of a spherical coordinate system with its current vector
aligned parallel to the 0 = 0 axis (figure 1), the field components
are

l l4@ i s i n 0 e -i B r ( 2 .1
= .rJq + (2.1)

-j~r Il
E nIZ sin 0 e j8 + (2.2)4rr r j-3r

E 21Z cos 0 e + i23r 27ir r jir (2.3)

3. Jordan , EI. C., 'lectromagnetic Wave:s and lRadv at. iiUL zyt m, Pre th11 -ll I
E.,Mtlwood CLitlI', N. J. (1r50).
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where n is the free space impedance (z377S), I is the current, Z is
the length of the dipole, and 0 = 2n/A. Similarly, the fields of an
elementary loop antenna located at the origin in the 0 = H/2 plane of
a spherical coordinate system4

n6 E IA sin 0 e- J +r (2.4)"I= 4xr ( + )

2IAi sin 0 ej r4n=- Ilr~i 0 e + j-•- B•r2 (2.5)

Hr OIA cos 0 e i + (2.6)r 21Tr' a

where A is the area of the loop, and all other quontities are as pre-
viously defined. These fields appear to bear little similarity to the
fields of EMP sources wiich will be regarded in this study as lane
waves originating at infinity and ranging in frequency from 102 to 108
Hz. There are, however, important similarities that greatly simplify
the problem of relating the electromagnetic properties of small loops
and dipoles to those of EMP sources. These similarities can be seen
by calculating'the wave impedances for elementary loops and dipoles
using the preceding expressions for the fields. The wave impedance
of a source at a field point is defined as the ratio of the electric
fields to the magnetic fields in a plane transverse to the radius
vector from the source to the field point. The wave impedance of the
dipole, ZD, is then

I + _L + 2

_ jSr (jar)
ZD i 1 4+. 1

jar
(2.7)

S= n ( +�Sj r -B•2r

Ij;r -P3r /
where E0 and Hý are given by equations (2.1) and (2.2). This expres-

sion can be written in complex form as follows:

ZD = RD + jXD

where:

RD n (Br)2  (2.8)
1 + r)

14. Sehelkunoff, S.A. and iI.T. Frilis, Anrtenrnas-Thory and Pr'aotivC. Jonn Wiley :atd
Sons, N.Y. (195").
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Figure 1. Elementary dipole and loop sources at the origin of a

spherical coordinate system.

and

-n (2.9

are the resistance and reactance, respectively. For a luop, the wave
impedance, ZL, is

E (j~r - •2• 2

ZL __f 0 2 (2.10)
LI1~,r
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wisth E and 11, given by equations (2.4) and (2.5). In terms of re-
sistance and reactance, equation (2.10) becomes

11L + jXL

where:
ir (:6r) (2.11)

RL = - (-r) + Or)

X r (2.12)
XL I - (r'r)- + (t',r)"

Figure 2 is a plot of jZ•j and JZDJ as functions of frequency for
r = 12 in. which is the distcnce between source and shield specified
by MIL-sTD-285. The line through 377s represents the expected wave
impedance of EMP fields. We note that

IZLI ' ZEMp -37713-IZDI 2 13)I for all frequencies of interest. Thus, the sources used in MIL-STD-
285 provide upper and lower bounds for the wave impedance of EMP1
sources. We also note that the difference between the upper and lower

'unds decreases as the frequency increases. This is to be expected
ace equations (2.7) and ('.10) imply the following:

limt ZD = lim ZD = ZEMP = 377sW (2.14)

lint ZL lint ZL ZEMp = 2 3771'

r

Thus, ZEMP is a special case of ZD and ZL.

The most important similarity bet.ieen small loop and dipole
sources and EMP sources lies in the fact that the wave impedances of
all three sources are indopendent of spatial variations in directions
transverse to the radius vectoi from the source to any field point.
That is, ZEMP, ZD, and Zb are all independent of the transverse coor-
dinates t, and .. Z'EMP is a constant while ZD and ZL are functions of
r alone. It was pointed out by Schelkunoff" that if a field incident
on an electrical discontinuity (such as an, EMP shield) has an asso-
ciated wave impedance which is independent of the transverse coordi-
nates, and if the transmitted field also has an associated wave
impedance which is independent of tile transverse coordinates, then
standard transmission line theory can be applied to compute the re-
flected and transmitted fields. rhis fact qreatly simplifies the
problem of estimating the shielding effectiveness seen by these throe
sources, and it insures the existence oe an analytical relation
betwe,.n SED, SE 1", and SEE.Mp.

12
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3. EFFECTIVENESS OF AN IMPERFECTLY CONDUCTING, CONTINUOUS,
METALLIC SHIELD AGAINST EMP AND SMALL LOOP AND DIPOLE FIELDS

An expression for the shielding effectiveness (SE) of a contin-
uous (no holes), imperfectly conducting shield can be written as
follows:

SE = R + A + B (3.1)

where:

R = 20 log _kT!i (3.2)4ikI

A = 8.686 at :3.3)

B = 20 loglI - (k-1l)'e_2(l+j)atj (34)(k+1)2

= Zwave (impedance ratio of 135)
Zshield shield and source)

' (reciprocal of skin (3.6)

depth)

Zshield = (37)

f is the frequency, and t, w, and o are the thickness, permeability,
and conductivity of the shield, respectively. In this expression,
R represents losses due to initial reflections, A is the loss due to
attenuation of the field in penetrating the shield once, and B ac-
counts for losses due to reflections which are not contained in R.
Equation (3.1) was obtained by Schelkunoff 2 from his transmission
line theory of shielding and applied by him to the problem of shield-
ing parallel current filaments with surrounding cylindrical conduc-
tors. However, equation (3.1) is not limited to this applicatioz'; it
is actually applicable to many other combinations of sources and
shields. For example, experimental and theoretical studiess'G'? have
shown that equation (3.1) correctly describes the shielding of a small
loop antenna by a conducting plane. One need only insert the loop
wave impedance [equation (2.10)1 into .,e numerator of the impedance
ratio, equation (3.5). In the preceding section it was noted that
transmission line theory should be applicable whenever wave impedances
of the fields incident and transmitted through a shield are indepen-
dent of spatial variations transverse to the direction of propagation.
It is not surprising then that equation (3.1) can be applied for inci-
dent fields kroduced by loop sources since, as was seen, the wave

2. Schelkunoff, S.A., Flectromragnttic W:ave:., Val, iJo;t.rxiid, l'ri-nctoln , N..I.

(1913).
5. Moser, .J.R., IEEE Trans. i-SC, Vol. RiAC-9, p. o (9'"7).

6. lRyan, C.M., 1EE Trais. 111C, Vol. .12C-O, 1). A, (19(6).
"7. P-innirster, P.R., USL Rt-eort No. 89'd, U.::. L'vy lh~lerwit'.r :,oundl l,ahor:,tory,

Fort Trunbull , New loodon, Conn. (096). Z.
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impedance of a small loop will satisfy this condition to a good ap-
proximation. By extension, equation (3.1) should also be applicable
to incident fields produced by EMP and small dipole sources. The
only adjustment necessary in these cases is to use the appropriate
wave impedances for the fields 377W for ZEMP arid equation (2.7) for
ZD in the numerator of equation (3.5). It is perhaps more surprising
that equation (3.1) is applicable, without modification, to shielding
calculations for structures as geomerrica)ly diverse as cylindrical
shells and plane sheets since it is not obvious that the fields trans-
mitted through these shields also satisfy the requirements of trans-
mission line theory. The fact that the structure of fields transmit-
ted by' cylindrical and plane shields, as well as most ,ther shields
regardless of geometry, does indeed satisfy the requirements of
transmission-line theory can be shown with the aid of figure 3. In
this figure, So is a source (dipole, loop, ot EMP) illuminating a
metallic shield Sh of unspecified geometry. For convenience we show
only the cross section of Sh in the X,Z plane, but it will be under-
stood that Sh is a general three-dimensional metallic shell with a
uniform wall thickness t and uniform electrical characteristicq p and
0. It will be further understood that our remarks apply to all points
on the shield, not only those which happen to lie on the X,Y plane.
The lines -ri, r 2 , and :3 are representative ray paths from the source
to points on the shield where the dotted lines N1 , N2 , and N3 are
normals to the surface at those points. Consider the ray rI where 0 i
is the angle of incidence and 0 r is the angle of refraction. Ic can
be easily shown that for any metallic shield 0 r will always be an
extremely small angle at all frequencies of interest and all possible
angles of incidence. That is, if can be shown that all rays from So
entering the shield will do so to a very good approximation along the
normai to the surface at the point of entzy as indicated for rays r 2
and r 3 in the figure. This can be seen with the aid of the following
expression giving'0r in terms of p. a, ,i, and source frequency Fe

0- sin-i [2 sin Oi (f) 2  , speed of (3.8)r , c light

From equation (3.8 we note that, for a given shield, the maximum valuL
of 0 occurs for grazing incidence, where 0i = 90 deg and sin Oi = 1,
and for the highest frequency of interest, fmax- Hence,

max0r =in-l c ( a (3.9)
sin) ]

Taking the case of a steel shield (P = 400n x 10-7, H/m, a = 4 x 106

mho/m) with fmax = 108 Hz, equation (3.9) gives max Or = 3 x 10-4 deg.
This is a very small angle indeed, and it shows that we are completely
justified in regarding wave propagation within the metallic shell as
being directed along the normal to the surface at any point. Com-
parable results are obtained with other metals.

8. Kraichman, M.B., Handbook of Electromagnetic Propagation in Conducting Mcdia,
U.S. Governmcnt Printing Of'fice, Washintgton, D.G. (1970).
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Figure 3. A source So illuntinating a uniform, continuous, metallic
shield Sh.

The preceding has shown that fields propagate into a conductor
along the inward normal to the surface. If, in addition, the surface 2.
.f the shield is such 1hat the following inequality is satisfied,

m 1 (3.10)

where Xm is the wavelength of the field in the conductor, and p is the
smallest radius of curvature of the shield, then it can also be shown
that the Leontovich9 or impedance boundary condition8

Zshield -H (311

8. Kraichman, M.B., Handbook of Electromagnetic Propagation in Conducting Media,
U.S. Government Printing Orrice, Washington, I).C. (1970).

9. Leont.ovich, M.A., in Investigation of Proparation of Radio Waves, edited by
B.A. Vvecdensky, Academy of Sciences, Moscow, U.S.S.R. (194-8).
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will be satisfied at all points on the surface of the shield. Equa-
tion (3.11) is the field impedance normal to the shield at any point,
i.e., it is the ratio of th- E field to the if field in a plane per-
pendicular to the ncrmal at a.-y point in the surface. Since we have
shown that the direction of propagation is always along the normal,
it follows that equation (3.11) is the wave impedance in the direction
of propagation in the shell. Equation (3.11) is independent cf all
spatial variables; hence Zshield in particular is independent of
spatial variations transverse to the direction of propagation. We
may therefore conclude that the transmission line theory of shielding
as represented by equation (3.1) is indeed applicable to continuous
metallic shells of any geometrical form provided only that condition
(3.10) is satisfied. Condition (3.10) should not impose a serious
limitation or. equation (3.1) in most cases. The wavelength in any
metal will be quite small. even at extremely low frequencies. For
example, in steel, An = 1.58 cm at a frequency of )G0 :z. MoL.
shields have radii of curvature much larger than thi4.

In the preceding argument we have used the Leontovich boundary
condition [equation Z3.11)) to show that Schelkunoff's transmission-

£ line theory of shielding, and equation (3.1) in particular, is appli-
cable to uniform, continuous, metallic shields of quite general shape.
This argument is further supported by the fact that equation (3.11)
is identical to the expression used by Schelkunoff for Zshield
[equation (3.7)]. Thua, Schelkunoff's 1943 theory incorporates what
later became known as the Leontovich boundary condition. Zshield
(referred to hereafter as Zs) is critical in the application of equa-
tion (3.1) because k, the ratio of the incident wave impedance to Zs,
determines the loss due to reflections. Figure 4 is a plot of I-Zs I
as a function of frequency for a representative group-of metals.
Loop impedance IZLI is also shown. Comparing figure 4 wfth figure 2, -

we see that

IZsl<<IZLI< ZEMP <IZDI (3.13)

for all frequencies of interest. Trom equation (3.13) it is clear
tnat the impedance mismatch is ordered as follows:

Z ZEM
1<< < < (3.14)

and we would expect the effectiveness,: ot any metallic shield to be
ordered in the same way,

SEL < SEEMP < SED (3.15)

for loop, dipole, and EMP sources. This expectation is realized in
figure 5, which is a plot of equation (3.1) for a copper shield
0.001-m thick.

4. EFFECTIVENESS OF A PERFECTLY CONDUCTING SLOTTED SHIELD

In the preceding section we applied the transmission line
theory of shielding to the problem of calculating the shielding ef-
fectiveness of a continuous, imperfectly conducting shield. The word
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continuous in this context means that nc holes or other imperfections
are permitted in the shield. It is a difficult task to build a shield
in which continuity is achieved to a degree actually approxi.mating
that assumed in the theory, and most ex:Lsting shields fail to satisfy

- ----- --

IZLI/

STEL

SA~tNJ CE SER

Fi-lure 4. Shield impedance 1Zsl (equation (3.7)) for copper, alumi-
num, and steel and the loop wave impedance IZLI (r = 12 in.
plotted as functions of frequency. 34

0 Copptiw .
N . •z8•17 ••,

u 1 10
7 

NM

t .E -r -I2m.
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tooo'i~ o

10 103 10 106 o$ 10

Figure 5. Shielding effectiveness of a copper shield 0.001 m thick
computed with Equation (3.1) for loop, dipole, and EMP
sources.
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this condition in some respects. We must therefore consider the ef-
fect of discontinuities on the shielding effectiveness of such struc-
tures when illuminated by loop, dipole, and EMP sources. In this
section we will not attempt to discuss all the various discontinuities
which might be present in a shield; rather, we will consider only a
representative type, nanmely, the narrow slot - where by narrow we mean
that the width of the slot is much shorter titan its length and als4
very much shorter than the 'free space wavelength of the source field.
According to Jarval0 , "the slot is representative of the greatest
number of flaws that are found in shielded enclosures." It is a
working approximation to the type of seams and joints often used in
constructing these structures.

Consider an electromagnetic source SQ illuminating a slotted,
perfectly conducting surface as indicated in figure 6, where L is
one-half the lengtz. of the slot and a is one-half the width. For a
narrow slot, where:

L a
A = » a,(4.1)S>> a,

the illumination will be approximatel'y uniform, and, as in the pre-
ceding section, transmission line theory can be used to comp*te the
reflected and transmitted fields.2  Otr expression for the shielding
effectiveness due to reflection from the slot is then

SE = 20 log (4.2)

Equation (4.2) is identical to equation (3.2) for the shielding effec-
tiveness of a continuous shell due to reflections except thai k in
equation (4.2) is the ratio of the incident wave impedance to the
slot impedance Zs1

k Zwave 14.3)

rather than the ratio of the incident wave impedance to the shield
impedance as defined by equations (3.5) and (3.7). A

The slot impedance, like the shield impedance, is independent
of all spatial variables; but, unlike the latter, it is strongly
dependent on the polarization of the incident field. Maximum response
is achieved when the incident field is aligned with its E field trans-
verse to the slot as indicated in figure 6. In this case, the slot
impedance is related to the driving point impedance, Zcd, of the
complementary dipole as follows:

2. Schelkunoff. S.A., Electromagnetic Waves, Van Nostrand, Princeton, N.J., p. 21'7
(19113).

10. Jarva, W,, IEEE Trans. EMC, Vol. WC-12, p. 12 (1970).
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where R~d and Xcd are the real and imaginary parts of Z d ,, The
complementary dipole may be taken as a cylindrical dipoi of radius
a and length 2L. Approximate expressions for the real and imaginary
parts of the driving point impeaance for a cylindrical dipole are
given by Jordan. 3 From these, we have the following expressions for
Rcd and Xcd:

o ( Csin h (2y1) (4.5)

-sin (2OL) (4.6)SXcd~ =�- cos h2 (y) -cos 2 (3L)

/ -?

g: a

~Figure 6. A% source So illuminating a narrow rectangular slot with E
S, parallel to the width of the sloe.

3. Jordan, E.C., Electromagnetic Waves and RadiaLing Systems, Prent.icc-llall,
Englewood Cliffs, N.J., p. 1,68 (1950).

11. Krauss, J.D., Antennas, McGraw-Hill, N.Y., p. 369 (195O). z
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where Rcd and X d are the real arnd imaginary parts of Zcd.'' The
complementary dipole may be taken as a cylindrical dipole of radius
a and length 2L. Approximate expressions for the real and imaginary
parts of the driving point impedance for a cylindrical dipole are
given by Jordan.3 From these, we have the fcllowing expressions for
Rcd and Xcd:

Zo = siti h (2y) (4.5)Rcd = 2 cos h 2 (y) - cos 2 (SL)

Zo -sin (21,) ( 4.6)
Xcd:•- cos h2 (y) - cos2

-/,

N ,t

Figure 6. A source So illuminating a narrow rectangular slot with Z
parallel to the width of the slot.

3. Jordan, E.C.. Electromagnetic Waves and Radiating Systems, Prentice-liall,
I.Knguwood Clirfs, N.J., p. -h68 (1950).

11. Krauss, J.D., Antennas, McGraw-H~ill, N.Y., p. 369 (1950).



where:

Zo= 120 In -1- ½ ln (4.7)

2 Rad (4.8)
zo0

Rad = 15 [2+2 cos '20L)I S1 (26L)

- cos(20L) S1 (48L? - 2 sin(2BL)Si (28L) (4.9)

sin(2aL)Si(45L)

and all other quantities are as previously defi;ied except S1 and Si
which are defined as follows:

S 1x) 1-cos(s) d;S(x Jsin(s) ds(410

Figure 7 is a plot of JZs11 versus frequency for a typical group of
slots. From the figure we note that JZslj, like the magnitude of the
shield impedance, is bounded by IZL1. That is,

IZs 1I " IZLl (4.11)

As in the preceding section, the impedance mismatch will be ordered
in the following way,

1 <i< lIi (4.12)<< ZlI zs-iT_'1 Iz'sll

and similarly, the shielding effectiveness

SEL < SEEMP < SE0  (4.13)

Figure 8 is a plot of SE SEEM and SEL computed with equation
(4.2) for a slot 0.01-r long an a 0.00001-i wide. This shows that
SED and SEEMp are decreasing functions of frequency while SEL is
nearly independent~of frequency. The latter is a reflection of tne
fact that IZLI/IZsiI is nearly constant over the whole range of fre-
Squencies as can be seen in figure 7. The severe effect of even a
small opening on the high frequency performance of an EMP shield is
obvious in a comparison of figures 5 and 8. According to figure 5,
SEEMp for a continuous copper shield 0.001-m thick is 525 dB at a
frequency of 10 7 Hz. Figure 8 indicates that the same shield with a
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Figure 7. Slot impedance 1Z. 11 for iong (#1), medium (#2), and short
(#3) slots together with IZLI versus frequency.
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1-cm slut will provide 70 db of shielding againct an EMP field at
10 7 Hz - a loss in shielding effectiveness of 455 dB!

5. A METHOD FOR ESTIMATING EMP SHIELDING EFFECTIVENESS USING
MIL-STD 285 MEASUREMENTS

The preceding sections have shown that the computed shielding
effectiveness of typical metallic enclosures for small, close-in
dipole and loop sources gives upper and lower bounds fGr EMP (plane
wave) shielding effectiveness at all frequencies of interest. This
result depends basically on the general relationships between shield
impedance and loop, dipole, and EMP wave impedances contained in
equations (2.13), (3.13), and (4.11). These relationships are insen-
sitive to variations in design and composition (provided metal is the
primary material), and they are, therefore, likely to be satisfied by
actual shields when illuminated with actual sources. From this, we
can reasonably Qonclude that shielding measurements carried out in
accordance with MIL-STD-285 using dipole and loop sources at a dis-
tance of 12 in. from the shield will give best and worst case esti-
mates of the EMP shielding effectiveness of the structure. However,
figures 5 and 8 show that the difference between the upper and lower
bounds obtained in this manner is likely to be so great, particularly
at low frequencies, that these measurements alone will not give one
an accurate estimate of SEEMP. To obtair, accurate EMP shielding
estimates from MIL-STD-285 measurements, c general expression relat-
ing SEL, SED, and SEEMP is needed. Such a relationship, for instance,
SEEMP = F(SEL,SED), can be used to obtain estimated values of SEEMP

SE(estimated) = F E measured) ,SE(measured) (5.1)SEMP LD

using measured values of SEL and SED. That such a relationship doesi
indeed exist can be seen with the aid of figures 5 and 8. Direct
measurement from the curves in these figures reveals that

SED - SEEMP SEEMP - SEL = •(f)

where 8(f) is the same function of frequency for both continuous
(figure 5) and slotted (figure 8) shields, that is, 8(f) is indepen-
dent of the shield. From equation (5.2) we immediately obtain one
form of equation (5.1), namely

SE (es dmeasured) + SE (measured))
EMP ( D

Hence, SEEMP can be estimated for any shield by taking the arithmetic
average of the loop and dipole measurements. The usefulness of equa-
tion (5.3) is limited by the fact that, in general, both SEL and SED
will not be measured at all frequencies of interest. As mentioned
previously, the shielding of the dipole field will often exceed the
sensitivity of the receiver. What is needed then is a relationship
involving only SEEMP and SEL.
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Figure 8. Shielding effectiveness of a perfectly conducting shield
with a rectangular slot 0.01 m long and 0.00001 m wide
computed with equation (4.2) for loop dipole, and EMP
sources.

Following the lead provided by equation (5.2), we form the dif-
ference.SEEMP -SEL and attempt to evaluate 6(f) using equation (3.1).
We obtain

I1kEMP+l I 4 kIk.!
S=SEMP SE sL =20 lo IkEMpi l k,.+ll1

I• ("-> 2-1 -2 (1+j) a<t I(5.4)
4' SM

) C Ae

where c: 14

Followi he ld pye

ZLL

eSL a a (5.6)
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From equation (3.13) we have

IkEMPI >> 1 (5.7)

!kLI >> 1 (5.8)

Hence, JkEMP tl:ijkEMpjand !kL'1i-'_-kLI, and equation (5.4) roduces to

=20 log (I EMIT

+20 log -1j)at
(1-2 (e+j) t

or

6 20 lo IEP)(5.9)

As expected, 6 is independent of the shield; it depends only on the
impedance mismatch between loop and EMP, and, in general, it will be
a function of distance and frequency. The reader can easily verify
that the same expression is obtained for a slotted shield by starting
with equation (4.2) and using equation (4.11). Following similar
arguments, it can be shown that

SED - SEEMP =-20 lg ZEMP (5.10)
JZDr

for both continuous and slotted shields. Furthermore, since ZEMP =
n z 377.!, it can be shown using equation (2.7) and equation (2.10)
that

-20 log (M) 20 log CEP (5.11)
I o T •.L•

Hence, equation (5.10) can be combined with equation (5.9) in a
single statement (Z EMP

SEM 20 log IL

/ (5.12)

=SED - SEF.M -20 log EM

thus verifying the correctness of equation (5.2).
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Since ZEMP, Z *, nd ZD are known, 6 can be computed explicitly
from equation 5.12Y using either the combination of ZEMp and ZL or
ZEMp and ZD. Figure 9 is a plot of 6 as a function of frequency at
the MIL-STD-285 source distance of 12 in. Thus, in addition to equa-
tion (5.3), we may use

sE(estimated)= (measured)

EMP SEL + 6 (5.13)

or

SE(estimated)- SE(measured) (5.14)

to provide independent estimates of EMP shielding on the basis of
MIL-STD-285 measurements.

I-

L?
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9"m 20 dB Prdwad
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r *12 #n.

0 1I
0 Fn12 0mcy. Hz 1

Figure 9. The difference 6 between shielding effectiveness measured
with a plane wave source and shielding effectiveness
measured with a small ioop (or dipole) source located at
a distance r = 12 in. from the shield.

6. DISCUSSION

MIL-STD-285 specifies that shielding measurements shall be made
on all sides of the enclosure with special attention to utility en-
trances, doors, and access panels and that the minimum attenuation,
i.e., shielding effectiveness, shall be recorded. It further speci-
fies that the source and receiver antennas shall be located 12 in.
from the outer and inner surfaces of the shield, respectively, and
that the relative position of source and receiver shall remain fixed
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during the measurements. If these procedures are followed rigorously,
there should be no Oifficulty in using the results of the preceding
section to obtain conservative, but accurate, estimates of the EMP
shielding effectiveness of the enclosure.

By making measurements at various locations and noting the
minimum shielding effectiveness, the principal point-of-entry, if any,

will be located and a conservative figure will be assigned to the
shielding effectiveness of the enclosure as a whole. Fixing the
relative positions of source and receiver makes certain that the wave
impedance at the surface of shield will not change from one measure-
ment to the next and thereby helps to insure that, when antennas are
moved to a new location, any major cnange in shielding effectiveness
is due to a change in the shield and not in the wave impedance of the
source. Figure 10 is a schematic representation of a series of
shielding measurements carried out in accordance with MIL-STD-2Z5 for
an enclosure with a single principal point-of-entry (PPE) consiting
of some type of narrow aperture. As measurements are made with loop
antennas at locations S 1 R1 , S 2 R2 , --- , Sn R (where S 1 is the source
location for the first measurement, R1 is tle corresponding receiver
location, and S2 R2 , S 3 R3 , ... , S Rn are similarly defined for the
second, third, and nth measurementY it will be noted that the meas-
ured shielding effectiveness decreases as PPE is approached and
reaches a minimum in the immediate vicinity of the aperture (S 4 R4 ).
This minimum value is a worst-case estimate of the shielding effec-
tiveness against close-in loop sources; and when adjusted by addition
of 6 from figure 9, it is a conservative estimate of the EMP shielding
effectiveness of the enclosure as a whole. If theýre is no one prin-
cipal point-of-entry or, as is more likely, if there are many points
of entry, then the shielding effectiveness will change relatively
little (-10-12 dB at most) as the antennas are moved along the shield.
The average measured value then can be used along with 6 to provide
an accurate estimate of the EMP shielding effectiveness of the
enclosure.

For a variety of reasons, it may not always be possible or
practical to adhere strictly to the procedures of MIL-STD-285. In
particular, it may not be possib'! to maintain the antennas in fixed
relative positions at all times. A situation that may arise is
illustrated in figure 11. Here the source So remajins in a Lixed
position relative to the shicld, but the receiver is moved succes-
sively to positions R1 , R2 , R3, ... , Rn within the enclosure. In this
case, the minimum or average measured shielding effectiveness can
still be used to estimate the EMP shielding effectiveness of the en-
closure; however, it must be recognized that the wave impedance from
source to receiver will not be constant as before, but will change
as a function of the distance rI, r 2 , ... , rn. The resulting varia-
tion in impedance mismatch will cause changes in measured shielding
effectiveness as the receiver is moved from Ri to R2 , etc. These
changes can be very important. Figure 12 is an extension of figure 2,
showing the magnitudes of loop and dipole wave impedances at various
distances as functions of frequency. According to this figure, IZLI
at a frequency of 106 11z increases from 2.6 to 26Q as the distance,
r, changes from 1 to 10 ft. Since a tenfold change in wave imped-
ance can result in a 20 dB-or-more change in shielding effectiveness,
it is clear that changes in distance between source and receiver must
be accounted for when estimating EMP shielding effectiveness from
measured values of EMP shielding effectiveness. That is, the
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If

correction factor 6 must now be regarded as a function of both fre-
quency and distance. One way to do this is to extend figure 9 in the
same way that figure 2 was extended in figure 12 by including a family
of curves corresponding to various values of r. This has been done
in figure 13 for r ranging from 0.1 to 105 ft. An appropriateý value
of 6 for every combination of range and frequency likely to L.. en--
countered in practice can be obtained by interpolating between the
curves on this figure.

z

SS4

Figure 10. Schematic representation of a series of MIL-STD 285
measurements for an enclosure with a single principal
point-of-entry (PPE).

It will be noted that the curves in figure 13 exhibit a
curious undershoot as 6 approaches zero when the frequency becomes
sufficiently high. That is, 6 crosses the 0 dE axis and approaches
zero asymptotically from the negative side of the axis. This re-
flects the fact, shown in figure 12, that IZLI overshoots 377• before
approaching the free space wave impedance from above. Similarly,
IZDI undershoots 377• and approaches it from below. The maximum

overshoot (and undershoot) is about 150•?. This effect is real in so~far as equations (2.7) and (2.10) are concerned, but one might well
doubt that it will be seen with real antennas. In any case, the
effect on 6 will be small; a maximum 150• overshoot in IZLI trans-
lates into a maximum 3 dB undershoot for 6. For most purposes, one
may regard e as zero beyond the cross-over point, without serious loss
in accuracy.
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Greater accuracy, if desired, can be obtained by increasing the
number of curves in the figure. Alternatively, one may prepare a
table of correction factors computed for closely-spaced values of rat
certain selected frequencies. To apply these curves, r must be known.
That is, it must be measured in the field at each- location where
shielding measurements are made. This is the operational price that
must be paid when the relative positions of source and receiver are
not fixed during a series of measurements.

z

R22

0.

'4

Figure 11. A fixed source So illuminating an enclosure with re-
ceivers located at various points RI, R2 , R3 .
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Figure 12. Wave impedances of elementary dipole and loop sources.
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Figure 13. The difference 6 between EMP (plane wrave) shielding
effectiveness and shielding effectiveness measured with
a small loop (or dipole) located at various distances
from the shield.

31

J



7. LITERATURE CITED

1. Anonymous, MIL-STD-285 "Method of Attenuation Measurements
for Enclosures, Electromagnetic Shielding, for (sic) Electronic Test
Purposes&" Department of Defense, 25 June (1956).

2. Schelkunoff, S.A., Electromagnetic Waves, Van Nostrand,
Princeton, N.J., p. 247, 251 (1943).

3. Jordan, E.C., Electromagnetic Waves and Radiating Systems,
Prentice-Hall, Englewood Cliffs, N.J., p. 468 (1950).

4. Schelkunoff, S.A. and H.T. Friis, Antennas-Theory and

Practice, John Wiley and Sons, N.Y. (1952).

5. Moser, J.R., IEEE Trans. EMC, Vol. EMC-9, p. 6 (1967).

6. Ryan, C.M., IEEE Trans. EMC, Vol. EMC-9, p. 83 (1967).

7. Bannister, P.R., USL Report No. 851, U.S. Navy Underwater
Sound Laboratory, Fort Trumbull, New London, Conn. (1967).

8. xraichman, M.B., Handbook of Electromagnetic Propagation in
Conducting Media, U.S. Government Printing Office, Washington, D.C.
(1970).

9. Leontovich, M.A., in Investigation of Propagation of Radio
Waves, edited by B.A. Vvedensky, Academy of Sciences, Moscow, U.S.S.R.
(1948).

10. Jarva, W., IEEE Trans. EMC, Vol. EMC-12, p. 12 (1970).

11. Krauss, J.D., Antennas, McGraw-Hill, N.Y., p. 369 (1950).

I3


