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ABSTRACT

Edge-wave methods are used to estimate the amplitude of electromagnetic-wave
coupling through an aperture slot in a plane screen. The high-frequency approximation
is used to calculate far-field values. Computed resulis show good agreement with ex-

perimental data.
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DIFFRACTION OF PLANAR ELECTROMAGNETIC WAVES BY A SLOT

Introduction

An understanding of the basic mechanisms by which an electromagnetic signal penetrates an
aperture in a shielded enclosure is prerequisite to an investigation of EMR or EMP interaction
with devices and subsystems. Of all the aperture configurations that could be considered, the
two-dirnensional slot in a conducting screen is probably the most elementary. However, the
mathematical analysis associated with this elementary geometry is not at all trivial. Although
considerable progress has recently been made in obtaining closed-form solutions for slot diffrac-
tionl, the usual approach is to consider separately the two complementary cases in which the slot
width is either much less or much greater than a wavelength, The method of momentsz’ 8 is use-

ful for the former case, and asymptotic techniques can be used to treat the latter. This paper is

concerned with the latter case: that is, with the so-called high-frequehcy approximation.

The diffraction of electromagnetic waves by a slot in a conducting plane and the dual problem
of diffraction by a conducting strip are classic problems in electromagnetic theory and have been
often investigated. In fact, this particular aperture is one of the few shapes for which an exact
solution can be specified, Unfortunately, the solution is given in terms of Mathieu functions, one
of the little known and more complicated functions of mathematical physics. Calculations are
made even more difficult by the fact that solutions appear as very slowly convergent series, with
the result that the method fails if the characteristic aperture dimensions exceed one or two wave-

lengths of the incident radiation.

However, by use of asymptotic techniques4’ 5, expressions for far fields can be obtained for
aperture widths as narrow as one or two wavelengths. These expressions satisfy both the principle
of reciprocity and the boundary conditions in the plane of the slot. Although the work discussed
here follows the approach described by Kashkind and Vainshteyns. the orientation of the present

)

study is both computational and experimental as constrasted with the referenced papers which
are theoretical. The primary objective of this paper is to establish, on the basis of experimental
data, a confidence level for applicability of the asymptotic theory. Because the ranges of applica-
bility of the asymptotic and exact theory do overlap, both methods should be in agreement in this
range. Therefore the simple asymptotic theory could be used to check the more complicated exact

solutions.

e

Use of moment methods at high frequencies is not feasible with generally available computers
because of the very large core storage required to invert the matrix.



As the size of the aperture increases to many wavelengths, as it would for example in the
case of an open bomb bay of an aircraft, it becomes almost impossible to avoid using some ap- .
proximation for numerical calculations. For this reason it is appropriate to describe briefly the

particular asymptotic approximation known as the edge method., This technique is clogely related

to the approach used by Schwarzschilds, who first considered a slot as consisting essentially of

two diffracting half-planes. The response of each half-plane to a variety of excitations ¢an be

calculated by the Sommerfeld Green's function. Then the total field at any point ig obtained as

the superposition of the fields diffracted independently by each half-plane. As the obgerver moves

many wavelengths away from the plane, the diffracted field from a half-plane takes on the char-

acter of waves emanating from the edge (hence the name, edge waves). By using more than two

half-planes and introducing Babinet's duality principle, one can calculate the fields diffracted by

apertures of various shapes. However, the discussion here is restricted to the slot.

The edge-wave method is treated more fully in the next section. Because the functions
associated with the edge method can be approximated by elementary exponential functions and
Fresnel integrals, a very simple code can be written to calculate the total diffracted field from
the slot. Results obtained using this code are in reasonable agreement with experimental electric-
field intensity measurements which wiii be described. These measurements were made only at
10 GHz.

For simplicity this discussion is restricted to the case of electric polarization (incident
electric field parallel to the edges of the slot). For convenience the time variation of the form

exp (jwt) is suppressed.

Theory
A plane wave with unit amplitude
o _ . .

&~ = exp [jk(x cos eo +y sin 90)], (0 < 90 <m , (1)
where k = /c ig the free-gpace wave number, ig incident on a slot of width 2d. The slot is
formed by the two half-planesy = 0, x> dand y = 0, x < -d. The edgesg of the slot are parallel
to the Z axis of a cylindrical coordinate system r, 8, z. The r, @ plane is the plane of incidence,
with the direction of incidence making the angle Go with the positive X axis. Our interest is re-
stricted to the diffracted field in the half-space y 2 o (Figure 1) subject to the Fraunhofer conditions

2
kr>> 1, kr>> p° , (2)

where r ig the distance from the center of the glot to the observer located at (r, 8) with

X = rcos 8, y=.rsin9 , (3)




‘and p is a characteristic parameter defined by

p=kd = 2rd/x . (4)
It is also convenient to introduce the direction cosines @y and o given by

@ = cos , a=cos8 , (5)
[s] o]
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Figure 1, Diffraction of a plane wave by a slot
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The diffracted field & = & (%, y) is that golution of the wave equation

S
2
3x 3y

L]

+ k2®= 0 N (6)

[ovd

which satisfies the boundary condition

&= 0fory =0, lvxf>d . (7)



On the slot (i.e., for ixf < d) the following conditions of continuity must be satisfied

d(x, +0) = & (x, -0), aa—y 5 (x, 0) =aiyq><x. -0) . 8

Following Khaskind and Vainshteyns, &® is obtained as

<I>=<I>o+-2—-1—.f ¥l ,a)exp{jk[xa+ly’41-a2]}_dﬁ’_ (9)
773 - o 2

Jl-a
where §, given by

blage) = Ve o) e 4 g (-a, ~) e, (10)

must be so chosen as to satisfy (7) and (8). Appropriate forms for ¥ will be considered shortly.

In the upper half-space y 2 0 at sufficiently large distances from the slot, the field reduces

to a cylindrical wave7

&= ylag, a) exp [j(kr - 3q/4)] [1’ 2rkr . (11)
<
According to the principle of reciprocity, the field does not change if the positions of the source Y
and point of observation are interchanged; therefore, P must satisfy the condition o

Pla, @) = g (-ew =2 ) . (12)
The cylindrical wave (11) should also satisfy the boundary condition (7) which leads to the relationships

Pla» +1) = 0 and A . (13)

b+l @) = 0 | (14)

The problem as formulated corresponds to a plane electromagnetic wave which is polarized along

the slot in a perfectly conducting plane.
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If p>>1, a zero-order solution can be obtained by the method of edge waves. This method
reduces to the superposition of two waves emanating from the edges of the half planes. In this
case (10) can be written in the form

(o) L (15)

¥

. ~ipx - -
(ao, o) = \IJO(on, ale + \IJO( o ale

where5

_ VITBNI-5 _jeB
¥ (8, 6) = e A (16)

If (15) is substituted into (11) the diffracted field has the very simple form

1+« l-o
&= - exp [jlpa =~ pa + kr - 37/4)]
o
(e -ao) \’Zwkr

l1-« 1 +¢

o
+
(o - ao)\/ 2qkr

exp [j(- pa  + pa + kr - 3n/4)] . (17)

The first term on the right side of (17) represents the cylindrical wave radiated by the edge y = 0,
% = d, and the second term represents the wave radiated by the edge y = 0, x = -d (Figure 2.) The
disadvantage of (17) is that it fails to satisfy the boundary conditions (13), (14).

Pigure 2. Formation of diffracted field by superposition of edge waves



In order to satisfy the boundary conditions, it is necessary to take into account the fact that ‘)
the wave radiated from the edge of the left half-plane is diffracted by the right half-plane, and

conversely., This modification can be included in the present notation by writing (10) in the form7

8P, 0) = ¥ (o0 Glo ay) Glos =a) Glo, -a) & 17

—a, - - Ipa
+ \Ilo( . o) G(p, ao) G{p, a} e . (18)
where G is the Sommerfeld Green's function given by

Glo,m) =4f2 oI/ {ctz\/}r'pu -]+ is L2yfmet -7 ] .« (19)

Here C and S, defined by the expressions

z o z
Clz) =f cos T +* dt and S(z) =f sin X tz a |, (20)
o 2 o 2 [}

and the real and imaginary parts, respectively, of the complex Fresnel integral. If {18) is sub-

stituted into (11) the diffracted field is obtained as ‘

1+ 1+

o
(o - ozo)\[ 2nkr

= Glp» @ ) Glp, -a) exp[ilpa - pa + kr - 31/4)]

1l -« 1+«

]
(o - czo) \[ 27kr

+ G(p, -ao) Glp, @) exp [j(= pa  + pat kr - 37/4)] . (21)

According to (12}, G(p, 1} = 0, thereby satisfying the boundary conditions (13}, (14). A compre-
hensive discussion of the boundary condition has been given by Weinstein7, who describes a rigorous

mathematical foundation for the method of edge waves.

Fortran codes were written for the evaluation of {17) and (21). Because only the envelope of
the RF carrier illuminating the slot can be observed conveniently, the code actually computes the

relative intensity

- o . .
I = 201log g le/e”| aB ; (22)

that is, the diffracted-field amplitude is normalized with respect to the amplitude of the field incident

on the slot. The programs were run on a CDC 6600 computer, and plots were generated by means of

a Stromberg Datagraphix 4460 plotter.
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Experimental Arrangement

A cursory experimental survey was carried out at Sandia Liaboratories to check the validity
of the approximations described in this report. The experimental geometry is essentially that
illustrated in Figure 1. A slot was cut in the center of a conducting plane consisting of a rectangu-
lar sheet of 0.48-cm-thick ST~6 aluminum with dimensions of 2. 39 by 2. 24 m. The plane formed
one wall of a shielded enclosure whose depth was 2,10 m, The inner walls of the shielded enclo-
sure, excepting the wall containing the slot, were covered with a pyramidal, carbon-loaded,
polyurethane-foam absorbing material to form an anechoic chamber. The absorbing material re-
duces unwanted reflections from the enclosure walls and presérves approximate free-space con-

ditions on the shadow side of the conducting plane,

Electric-field intensity measurements using a special minijature E-field sensor8 were made
inside the shielded enclosure on the shadow side of the conducting screen. The sensor is basically
a short dipole roughly 1.5 cm in length and 0. 02 cm in diameter. A subminiature microwave diode
is located at the center of the dipole to convert the RF energy to a DC signal at the measurement
point. It is generally accgptedg that a short dipole probe does not appreciably perturb the field to
be measured. Inaccuracies due to the presence of the probe should bé less than 0.5 dB at points
in the far-field region and away from the edges of the slot.

The sensor was supported by a column of plastic foam (2 11:>/f’c3 density) whose intrinsic im-
pedance approaches that of free space. The foam support was attached to a wooden positioning 7
fixture covered with absorbing material, The fixture and supporting column allowed rapid three-
dimensional positioning of the probe with a minimum perturbation of the field being measured.

The output of the sensor was fed through a 60-cm length of carbon-impregnated plastic line to the
base of the probe support, where it connected to a shielded, twisted pair cable leading to a microvolt-
ammeter. The carbon-impregnated line passes the DC signal but is essentially transparent to high-
frequency energy. The plastic line therefore does not disturb the field being measured, nor does it
introduce unwanted RF energy into the measuring system, Pickup of RF energy by the shielded,
twisted pair cable was minimized by running the cable underneath the absorbing material, The
minimum probe output that could be measured with the instrumentation system used was on the

order of 20 yV, corresponding to a field intensity of approximately 0.4 V/m.

Far-field data were obtained for polarizations parallel to the axis of the slot and for both
normal and oblique incidence. Denoting the free-space wavelength of the incident radiation by ),
the normalized width of the slot was 2), and the frequency was 10 GHz., The far-field variation of
the electric intensity was measured on the shadow side of the conducting plane as a function of the
polar angle of the radius vector from the center of the slot to the point of observation {see Figure 1),

The radial distance was kept constant (nominally 50 )\) as the probe was rotated about the Z axis,

11



The transmitting antenna used to produce the incident wave was a pyramidal horn. The dis-

tance from the transmitting antenna to the conducting plane was made as large as possible so that
far-field, plane-wave radiation conditions were approximated. For all measurements reported in
thig paper the minimum distance (along the wave normal) between the transmitting antenna and the
center of the slot was 40 Xx. On the basis of free~space measurements reported elsewheres’ 10. it
is believed that the maximum variation in field magnitude over the width of the slot at the origin

of the coordinate system (Figure 1) in the absence of the conducting material would be better than

+0. 3 dB from the median value,

The magnitude of the electric field incident on the slot, Einc’ wasg taken to be the field that
would exist at the aperture location in the absence of the plane and was calculated assuming free-

space conditions:

B -(a0p 2,1/2

in GT/R : (23)

T

where PT is the power delivered to the transmitting antenna, GT

R is the distance from the antenna to the plane. The measured value of the field at a distance of

is the gain of the antenna and

10 ) from the transmitting antenna was found to be within 0, 2 dB of the value calculated from the

above equation.

in positioning the probe contributed most to the experimental error. Some results of the experiments

The overall accuracy of the measurements is estimated to be better than +1.5 dB. Inaccuracies I

are described in the next section.

Experimental and Computational Results

Figure 3 shows a typical plot of the amplitude of the diffracted field (zero-order approximation)
normalized with respect to the field incident on the slot as a function of the polar angle 0 of the radius
vector from the center of the slot to the point of observation (Figure 1). The exciting field is nor-
mally incident to the plane of the slot. In conformity with the experimental arrangement described
above, the slot half-width is one wavelength, and the length of the radius vector to the point of ob~-

gervation is 50 wavelengths.

The same parametric values were used in Figure 4, a first-order approximation, as in Figure 3.
However, the value of ¢ given by (21) was used in the computation, rather than the value given by €17).
Inclusion of the Sommerfeld Green's functions in the cbde apparently does not grossly affect the cal-
culated field intensities. Instead, there are seen superimposed on the smooth curve of Figure 3 the
- usual characteristic alternations in extrema which one associates with the Fresnel integral, The
similarity between corresponding figures is not unexpected because as p increases without limit, G
appfoaches unity and (21) approaches (17). It should be noted that the effects of the inclusion of the
Sommerfeld Green's functions in the expression for & is more pronounced for values of 8 near 0 and n .

12
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Unless one is interested in values of electric intensity for poinis near the diffracting screen, (for o
1

example 8 < 200, or 8> 1600) the simpler code should provide adequate accuracy for most applica-

tions. The implication here is quite startling, Apparently reasonable estimates of diffracted-
field intensities can, under some circumstances, be obtained by use of a theory in which the boundary

conditions are ignored.

Data points indicated on Figures 3 and 4 are the experimentally measured values. Because of
prior commitments, use of the experimental facility was severely restricted. Consequently only a
few data points were taken. The closest approach to the conducting plane was 35 x. This occurred

o
at 8 = 457,

Unfortunately, since the experiment was performed before the code was successfully executed,
no attémpt was made to map the fields in those regions that the calculations would indicate as being
of particular interesi. A priori choice of the observations at 45° and 600, where the function shows

a secondary lobe, represents a fortuitous selection,

In general, the agreement between the measured values and values computed by use of the
zero-order approximation can be characterized as being within 3 dB. Comparable agreement is
seen in Figure 4 for the higher-order approximation. It would, of course, be interesting to repeat

the experiment to see whether the tertiary lobe at 10° in Figure 4 could be observed,

Figures 5 and 6 show plots of the normalized amplitude of the diffracted field for an exciting
field incidence of 60° (see Figure 1), Slot half-width and radial distance to the probe was 1 ) and

50 )\, respectively. Agreement between computed and measured values shown in Figure 5 seem to

be slightly better than the agreement indicated in Figure 3. Again, the agreement can be considered
to be within 3 dB,

A comparison of Figures 3 and 5 shows a shift of the main lobe because of the obliquity of in-
cidence. Also, comparing Figures 4 and 6, the characteristic Fresnel perturbations associated
with the first-order theory are more prominent if the exciting wave is obliquely incident. Figure 7,
a zero order approximation, has been included to show the shift in main and subsidiary lobes as the

obliquity increases to 30 degrees.

In summary, the experimental measurements reported here, although sparse, show reason-
ably good agreement with theory. The measurements tend to support the conclusion that the elemen-
tary edge-wave theory can provide 3-dB estimates of the diffracted field within the range of its

applicability (far field, wide slot).

14
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