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PREFACE

This paper is the sixteenth in a series of reports growing out of

studies of radar cross-sections at the Willow Run Research Center - of
The University of Michigan. The primary aims of this program are:

1. To show that radar cross-sections can be determined

analytically.

2. To elaborate means for computing cross-sections of various
objects of military interest.

3. To demonstrate that these theoretical cross-sections are in
agreement with experimentally determined values.

Intermediate objectives are:

1. To compute the exact theoretical cross-sections of various
simple bodies by solution of the appropriate boundary-value
problems arising from electromagnetic theory.

2. To examine the various approximations possible in this problem

and to determine the limits of thei; validity and utility.

3. To find means of combining the simple-body solutions in order
to determine the cross-sections of composite bodies.

4. To tabulate various formulas and functions necessary to enable
such computations to be done quickly for arbitrary objects.

5. To collect, summarize, and evaluate existing experimental
data.

Titles of the papers already published or presently in process of publi-
cation are listed on the bac.: of the title page.

K. M. Siegel

1Henceforth the Willow Run Research Center will be identified
organizationally as Engineering Research institute with a geographical
designation as Willow Run Laboratories.

\ii -_1_
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I

INTRODUCTION

This report presents the results obtained thus far in a theoretical
study of the microwave reflection characteristics of buildings. The
study was initiated I May 1954 at The University of Michigan, Willow
Run Research Center (WRRC), under Contract AF-30(602)-1070 with
the Rome Air Development Center. The aim of this study is to recom-
mend methods suitable for camouflaging ground structures from X-band
navigation radars operating at an altitude of 40, 000 feet and at rangns
up to 150 miles.

Recommended camouflage procedures are described in Section II.
Recommendations for future work are contained in Section V.

1.1 NATURE AND SCOPE OF THE WORK

Before determining how to conceal the presence of buildings it is
first necessary to know, in some detail, the effects of structural shapes
and materials on the radar back-scattering patterns of buildings and
groups of buildings located on various types of terrain. The attack on the
problem was threefold:

1. Theory (Sec. '. 3) and experiment (Sec. 1.2 and App. D)
on the radar characteristics of buildings and on existing
and proposed camouflage materials (Sec. 1.4) were
surveyed.

2. A theoretical basis and methods and formulas were de-
veloped for computing thte approximate radar cross-
sections of buildings and of groups of buildings at X-
band (App. A, B, and C).

3. The methods and formulas developed under (2) were ap-
plied to a specific target complex, namely the -group of
buildings located on the east side of the Willow Run Air-
port, Ypsilanti, Michigan (Sec. HII).

S• -_ - 1,,
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Although the radar camouflage problem treated in this report is re-

lated to the extremely complex radar prediction and interpretation prob-

lems for ground targets, it is simpler in some ways. It is generally un-

necessary to calculate the scatteringpattern of the entire complex group

of structures which may fall within a radar pulse. Rather, it suffices to

concentrate on the major returns which arise either from individual

structures, or from combinations of neighboring structures. Further-

more, it is believed that conclusions adequate for recommending camou-

flage of structures against present-day X-band bombing radars can be

drawn without detailed knowledge of the scattering behavior of the sur-

rounding terrain (e. g., fine structure of the scattering pattern, echo

amplitude probability distributions, and spectra). It suffices to consider

the terrain surrounding the buildings to reflect specularly, isotropical-

ly, or in a simple superposition of these two ways. Additional basic as-

sumptions made in the course of the analytic work are described in Sec-

tion 1.5.

Although the present problem does allow many simplifications, there

are, nevertheless, a number of quite complex considerations which were

taken into account in varying degrees. These include the over-all shape

and orientation of the buildings (Sec. IV), non-perpendicularity of walls

(App. A. 6), finite conductivity of construction- materials and the earth
(App. B), and effects of rough surfaces (App. C).

1.2 SUMMARY OF EXPERIMENTAL WORK

Most of the applicable experimental work has consisted of measure-

ment of the returns to airborne radars from terrain with and without

man-made struuctures. These include:

1. "The Baltimore Project", an extensive investigation by the

Strategic Air Command, Offutt Air Force Base, Nebraska,
involving airborne PPI photography (App. D. 1). The final

results of this investigation are not available at this writ-

ing; the experimental procedures and preliminary results

are described in Reference 5.

2. Extensive analysis by Engineering Research Associates,

2
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Arlington, Virginia (App. D. 4), the Ford Instrument

Company, Long Island City, N. Y., (App. D. 4), and The
Ohio State University (App. D. 2) of s veral sets of air-
borne radar PPI photographs supplied by the Wight Air
Development Center.

3. Investigation of various photographic integration methods

for use on successive PPI photographs by Kurtz Labora-
tories, Yello-i Springs, Ohio, using film supplied by the

Wright Air 13Dvelopment Center, Dayton, Ohio (App. D. 3).

4. A considerable amount of data on terrain without man-
made structures and a much smaller amount cf data on

terra-.n with structures obtained by the Philco Corpora-
tion, Philadelphia, Pennsylvania (App. D. 5).

Applicable laboratory experiments have been concerned primarily
,-• with gathering data on the radar cross-section of dihedral and trihedral

reflectors (App. D. 6). In some cases, these experiments were scale-

model test, using light instead of radar.

The general trends in the experimental results found by Strategic Air

Command all point to the fact that the major radar echoes from complex
ground targets are primarily due to specular reflection from dihedral
and trihedral reflectors, whose sides are fairly smooth with respect to

3 cm radiation. These reflectors are formed, for example, by building
walls and paved ground. The effect of windows in buildings was found to

be not too great even though, for example, combinations- of window frames
and panes form trihedral corners. These results are to be expected, in-
asmuch as the angles between sills and panes are generally not very close

to 90 degrees, and hence the corer-reflector effect would be consider-
ably reduced as indicated indirectly by the experimental data in Appendix

D. 6. 1.' Neglect of windows is also in line with the experimentally observed

'The data given in this appendix verify various results obtained

for corner reflectors by physical optics theory including some of the
results on the reduction in radar return due to angle errors given in

Table A-i.

_ _ _ _ _ _ _ _ _ _ _3
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"cardinal point effect" in cities; that is, predominantly large returns are
found in directions perpendicular to the streets (these directions are of-
ten, but not necessarily, the cardinal directions of the compass). An ex-
planation of this effect is that the rows of buildings are ,nontributing

large returns from the many dihedrals formed by the walls and the street.
If the walls were rough or if corners, such as those formed by windows,
were important, this directional effect would be much less. The cardinal

point effect is demonstrated clearly by the results obtained by Ohio State

University (App. D. 2) and the Kurtz Laboratories (App. D. 3). It is an

effect which is well known to Strategic Air Command; in fact, it is often
used by bombardiers on bombing runs.

The surface irregularities of common external building materials

are usually small compared to the 3-cm wavelength of interest. Hence
it is to be expected that roughness has only a negligible- effect on the
radar returns from buildings when the foreground is also relatively smooth.

This expectation is strengthened by the effects observed by Engineering

Research Associates in their optical scale-model scattering tests (App.

D. 6. 3)' where roughness of the order of 3 to 5 wavelengths still permit-
ted strong cardinal point effects to be observed.

In addition to cross-section information, there is the need for X-

band measurements of reflectivity and transmissivity or, equivalently, of

the complex dielectric constanis of construction materials and of various

types of earth under different nmoisture and possibly temperature condi-
tions. The small amount of such data available is summarized in Appen-

dix B. 5.

'Scale model tests using light sources in place of radar are of limited
use for obtaining quantitative information on the validity of possible sim-

plifying assumptions for treating the returns from buildings. Since the

length scaling ratio is usually about 50,000:1, accurate reproduction of

construction or surface details is, in general, impossible-and the scaling

of complex dielectric constants is very difficult.

- a 4
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1.3 SUMMARY OF THEORETICAL WORK

No theoretical studies have been found which were directed primari-
ly at the problem of camouflage of ground targets against radar, with the

exception of the theory used in the design of absorbing materi-
als. The Strategic Air Command has developed empirical formulas for
relative intensity of ground targets as seen on PPI displays based on
study of their own experimental data. There is, of course, extensive
literature on radar cross-sections and scattering of electromagnetic
waves in general. The work on perfectly conducting corner reflectors by
Spencer (Ref. 10) and on these and other multiple scaiterers in the sixth
paper in this "Studies in Radar Cross-Sections" series (Ref. 11) is Dar-

ticularly applicable.

Formulas and computations of the type derived in Appendix A of this
report, but somewhat less general, have been given by Engineering Re-
search Associates (Ref. 1), and the results compared with optical tests
as described in Appendix D. 6 3.

The contributions which have been made thus far under this contract
lie (1) in the extensive study of experimental results in an effort to de-
termine the probable type of target elements which contribute chiefly to
the radar returns from ground structures; (2) in the treatment of corners
each of whose sides is, in general, made of a material of different com-
plex dielectric constant; (3) in the development of relatively convenient
formulas to compute the effective area of dihedrals and corners subject
to fairly general truncation and angle errors; (4) in a preliminary study
of rough surface effects; and -(5) in the study of the effect of over-all
building shape on the principal reflections.

1.4 MATERIALS FOR RADAR CAMOUFLAGE

There are many absorbing materials which give very low radar re-
flections over wide frequency bands and ranges of angles of incidence.
These materials have an impedance, at the air-material interface which
is to be irradiated, which is close to the wave impedance of free space
(120 ir ohms). The impedance then increases with distance from the air-
material interface, an increasing resistive component accounting for the
absorption.

f 5
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The materials so far developed may be divided into two groups:
those which have mechanical properties which permit their use as struc-
tural materials, and those which can be used only as coverings. Various
materials of the latter type have been in existence for many years and
further development and evaluation is being carried out at present at the
Naval Research Laboratory, Washington, D.C. (Refs. 12 and 13). One
major type, "Darkflex", is made of animal hair impregnated with rubber
containing carbon black. It is meant primarily for indoor use (e. g., in
microwave model scattering experiments). It can be pulled or picked
apart easily and probably is not suitable as a permanent outdoor material.
Its absorptivity is somewhat decreased by moisture, but (according to
the Naval Research Laboratory) not badly, and this effect could be less-
ened. Its reflectivity is only a few per cent except very near grazing
incidence. Versions of this material are available commercially.

A second material being investigated at the Naval Research Labora-
tory is "Harp", a very dense, rubber-based material in which impedance
tapering is obtained partly by loading with conducting flakes and partly
by forming the low-impedance side into arrays of pyramid-shaped pro-
tuberances. This shaping can also be done with hair mats. It is a better
-outdoor material than the hair mats, but is highly absorptive only over a
narrow frequency band.

Structural materials are being developed at Emerson and Cuming,
Inc., Canton, Massachusetts (Ref. 14). The most successful and fur-
thest developed are panels of a sandwich honeycomb structure. The front
facing is a thin, low-dielectric-constant, low-loss sheet. The honeycomb
is coated by successive dipping with a resistive coating whose resistivity
increases with distance from the front face. The backing is a high-loss,
structurally strong material. Flatwise compression and simple flexure
tests have indicated adequate structural strength. The power reflected
is less than five per cent of the incident power for all angles except those
near grazing, and for all wavelengths from 2 to 12 cm.

All these materials are quite expensive. The hair material, which
is only non-rigid facing, is about $0. 80 per square foot. Emerson and
Cuming estimate that their presently developed sandwich materials, if in

6
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production, would run close to $8. 00 per square foot. By comparison,
a four-inch--thick cinderblock wall erected in Ann Arbor, Michigan,
costs about $0. 60 per square foot. Hence active developments aimed
at lowering costs are being carried out at several organizations.

Some preliminary work has been done -under this contract to explore
the possibility of designing camouflage materials not based on absorption.
These materials would contain arrays of scatterers which would scatter
the energy so as to give a very low return back toward the transmitter

for a wide range of angles of incidence.

1.5 BASIC ASSUMPTIONS

The complexity of the problem of computing radar cross-sections of
buildings and groups of buildings has been reduced by keeping the camou-
flage aims of this contract in-mind. A series of simplifying assumptions
has been made, based upon the conclusions drawn in Section 1. Z from -the

experimental work and upon calculations such as those given in Section
IV. It is believed that computations based on these assumptions provide
values of radar cross-sections of sufficient accuracy for most camou-
flage needs. These assumptions, which overlap to some extent are:

1. Only the principal contributions to back scattering need be
considered; i. e., the net contribution to the radar cross-

section from all other scattering objects in the beam is
much less than the contribution of a limited number of the
largest scatterers.

2. Surface roughness of most building materials is not a pre-
dominant influence on the returns at a wavelength-of 3 cm.
Hence building walls reflect essentially specularly.

3. The reduction in maxi.num, or near maximum, return
(as a function of aspect) due to windows, doors, railings,

etc., may be neglected except in unusual situations where
window or door areas form extremely high percentages of

the wall areas.

4. There is relatively little re-radiation from the interiors

of buildings except in very special cases.

__________________________7
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5. The ground is either a perfect specular reflector or, if
rough, reflects a fraction of the energy specularly and
the remainder isotropically over a hemisphere.

These assumptions together amount to assuming that the scattering
complex may be replaced for computational purposes by a few smooth-
walled, opaque structures having the over-all shape of the major build-
ings.

if these assumptions are valid, back scattering comes predominant-
ly from flat surfaces, particularly those which form dihedral and-tri-
hedral reflectors. These surfaces, in general, have irregular shapes:

tfen the sides do riot intersect; one side (the -ground) may be effectively

infinite in extent, or partly smooth and partly rough; the angles will often
not be 90 degrees so that perfect -reversal of the main direction of erer-
gy flow will not take place. To handle these effects, which are not-con-
sidered in sufficient generality in the literature, it was necessary to do
considerable analysis, which is reported in Appendices A, B, and C.

- -" 8
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II

CAMOUFLAGE PROCEDURES

On the basis of the investigations performed under this contract, it
is possible to recommend many means of camouflaging complex targets
of moderate size against X-band airborne radars. However, these in-

vestigations were not concerned with the necessity of camouflaging tar-

gets. Hence, the procedures described below do not resolve such ques-
tions as "which targets are worth camouflaging ?", "what amounts of time
and money should be invested in camouflage under various situations ?",

or "how much camouflage willlbe necessary in the future?" Furthermore,
no attention has been given to the important problems of camouflaging

against radars of frequency other than X-band or of camouflaging -simul-
taneously against surveillance with radar, infrared, and visible radiation.

The problems that arise in camouflaging a complex target area are
determining which parts of the target should be camouflaged and deter-

mining how to achieve camouflage. Implicit in the solution to these two
problems is the answer to the question "what do the surroundings look
like ?" There are three methods of camouflage; viz-. to make the sur-
roundings look like the target area in question, to make the target look

like the surroundings, or to alter both the -surroundings and the target

area.

Camouflage procedures described in this section consider the second
method and are directed at changing the appearance of a group of build-
ings so that they either disappear into the terrain or appear as lakes,
smaller groups of buildings, et;.. The former is achieved for present-
day radars if the radar cross-sections of the target and terrain- are
approximately the same.

2.1 PROCEDURES

A determination of the radar cross-section of a group of buildings

will usually show that certain buildings and combinations of buildings con-
tribute far more strongly to the cross-section than others. For most

9
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aspects, these main contributors will be trihedrals formed by separate
buildings and the ground, and trihedrals and dihedrals formed by a single
building and the ground. The trihedrals formed by a single building are

generally the most important except in the cardinal directions in which
case the dihedrals will likely dominate. It will not be necessary to cam-
ouflage a'll corners but only the main contributors.

One criterion which may be used to determine whether or not the
major reflectors contribute sufficiently large returns to need camou-
flaging is to compare their radar cross-section with that of the area on
the ground (considered as an isotropic scatterer) which contributes to
the instantaneous return at the receiver. The effects of angle errors and
surface roughness should be taken into account, at least approximately.

If it is desired to make the area appear as rough terrain without
buildings, it will be necessary to reduce the returns from all the cor-
ners determined by the above criterion approximately to that of rough
terrain occupying the area in the ground plane occupied by, or shadowed
by, the buildings. If it is desired to simulate a smaller or-less complex

group of buildings, it will suffice to reduce some of the major returns in
this manner. Camouflaging the main group of contributors may, however,
not be sufficient. In that case the next most important group of reflec-

tors must also be camouflaged, and so on.

The reduction in radar return from dihedral and trihedral reflectors

can be accomplished by destroying the right angles at the junctions of the
sides. This can often be done easily by sloping the ground a degree or so
from horizontal in the neighborhood of -the buildings. It can also be

achieved by putting wire mesh screens at an angle to the walls, or by

building sloping walls, or curved walls as in quonset huts (Sec. IV).
Roughening the foreground by plowing, planting shrubs and trees, or in-
serting arrays of plates will also greatly reduce these echoes, as would
perhaps growing ivy on buildings. The relative efficiency of these me-
thods should be investigated experimentally (Sec. 5.2).

Buildings are ordinarily built almost vertical. It would not be feasi-
ble-to construct a steel-frame building which was not plumb, but a facing

-... 10
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slanted by one degree (say 10 inches for a 50-foot building) could be put
on a vertical frame rather inexpensively while the building was being
built, or over the present facing after thle building was built(at somewhat
greater expense). Such a sloped lacing would reduce tQ3 peak X-band

cross-section of most buildings by a factor of 1000-to-I or more.

When constructing new installations, adjacent buildings should not be
parallel or perpendicular to one another so as to avoid large returns
from trihedral reflectors formed by walls of the adjacent buildings. Con-

sideration should also be given to using special building shapes, such as
quonset huts, inasmuch as over-all building shape has a large effect on
the maximum return (Sec. IV).

If it is desired to make a group of buildings simulate a specular sur-
face such as a lake (or in some other special situations) the use of ab-

sorbing materials may be warranted. However, generally 'hese materials
will not be needed.

Because airport runways or a large flat roof may appear conspicu-
ously as a dark spot on the PPI it might be desirable to increase the cross-
sections of .'uch large flat surfaces by placing small corner reflectors on
them.

In all this work, considerations of time and cost will determine the
choice of particular -methods.

2. 2 NEEDED FIELD TESTS

The procedures given in Section 2. 1 should be tried in the field. In
the field test program, close at•,ntion should be paid to the following
factors to avoid difficulties such as were encountered in past work involv-
ing observation of ground targets where quantitative results were desired.

]I
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The target areas chosen should be representative, at least theoreti-
cally, of the different types of back-scatterers and should not include too
great a diversity of types.

Careful airborne radar and visual observation of the site should be
made before and after camouflage. A careful record of the physical
characteristics important to radar returns should be obtained (e. g.,
roughness, angles, material of corners). Courses radar parameters,
control settings, and photographic development procedures should be
known and duplicated closely in each run. A procedure such as that used
by the Strategic Air Command to increase the effective measurable range
of inputs and to avoid difficulties caused by contrast control (App. D. 1)
should be used. Information as a function of azimuth and of depression
angle is of great importance. Hence, circular courses at several ranges
may be desirable, but the effect of antenna tilt due to airplane banking
must be accounted for or duplicated from run to run. Alternatively,
several radial runs from well chosen azimuth directions should be uwed.
Unless such care is taken the results will not be sufficiently reproducible
to have meaning. If not enough target aspects are considered, the value
of the camouflage will not be ascertained adequately.

Although the variety of targets and types of camouflage which might
be of interest may be extremely large, -t is necessary to limit the num-
ber of tests and yet obtaifi enough information. Hence, careful factorial
design (Ref. 23 and 24, for example) of the experiments should be made.

_ _.__ , 2
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III

RADAR CROSS-SECTION OF THE

EAST SIDE OF THE WILLOW RUN AIRPORT

The University of Michigan buildings on the east side of the Willow
Run Airport were selected as a complex target with which to illustrate
the camouflage criteria outlined at the beginning of Section 2. 1. This
area is shown in Figures 3-1 and 3-2. Only a small percentage of this
area consists of buildings, while the remainder is mainly a level grass
field cut by gravel roads. Adjoining this area to the west is the airport
proper. At high altitudes and long ranges the airport runways will not
stand out on a PPI so that the building reflections characterize the t'u -
get and only these reflections must be analyzed. Therefore, the major
dihedral and trihedral reflectors formed by the buildings and ground were
determined and their net scattering patterns were computed as functions
of azimuth for aircraft assumed to be flying at 40, 000 feet at ranges of
20 and 100 miles. The radar wavelength was 3 cm and horizontal (elec-
tric vector) polarization was assumed throughout.

In all the computations smooth surfaces at right angles to each other
were assumed. As a result, the computed radar cross-sections tend to
over-estimate the true values. In obtaining Figure 3-3, the walls and
ground were assumed to be perfectly conducting so that the pattern shown
is due entirely to the effect of building shape and orientations. Figures
3-4 through 3-7 illustrate the scattering pattern when the- conductivity is
assumed to be zero for several values of dielectric constants in the range
of building materials. The newly introduced zeros in the pattern may be
ascribed to a "Brewster angle" .;fect. Actual non-metallic building ma-
terials generally have a small conductivity and will have patterns inter-
mediate between the zero and infinite conductivity cases. For wooden
buildings and the dielectric constant (relative to vacuum), E' = 2,
for example, instead of a null occurring at the Brewster angle the cross-
section is reduced from that for infinite conductivity by-about 50 db.

h - 13
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FIG.-3.4 RADAR CROSS-SECTION OF W R RC; DIELECTRIC CONSTANT Eý.- 2

Cross-Section in Square Meters as a Function of Azimuth Angle 0 for
0=4.4* and z.*:0.03 m.
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The lobes in all of these figures are due to energy reflected from
trihedrals. The amount of such energy drops off to zero as 4 approaches

one of the four cardinal points. Within a very narrow band of angles at
the cardinal points there is a very strong echo due to the dihedrals. The

maxima of these cardinal-point echoes are shown as points on Figure 3-3;
they were not computed for the other figures.

There are several trihedral reflectors in each quadrant, the princi-
pal reflectors, whose effects are much larger than the others in their
quadrant and many reflectors which, though less important, give returns

large enough for them to be classed as important contributors according
to the ý.riterion of Section II. In this criterion, the returns from a cor-
ner are compared to the return which would result from isotropic ground.
For a pulse length of roughly 300 meters, and beamwidth of 3 degrees,
this is of the order of magnitude 105 square meters. For perfectly con-
ducting surfaces Figure 3-8 illustrates the change in the scatterinzg pat-
tern of Figure 3-3 which would occur if the principal trihedral reflectors
were camouflaged so that they gave no return. The results indicate that
it is not sufficient to camouflage only these reflectors because the maxi-
mum cross-sections are reduced only by about 10 db, whereas to simu-
late isotropically scattering ground, roughly a 40 db decrease would be
needed. To reduce the return to that from isotropically scattering ground
it would be necessary to camouflage at least the smaller reflectors re-

ferred to above. However, the camouflage removes the azimuthal as-
symmetry in the scattering pattern. Figure 3-9 illustrates the effect of
camouflage of the same trihedral reflectors for one case of zero- con-
ductivity- and F' = 2. In this case camouflage of the principal reflectors
is adequate to reduce the maximum returns to that of isotropic ground.

3. 1 RADAR CROSS-SECTION .OR INDIVIDUAL

TRIHEDRAL REFLECTORS

Table 3-1 contains the data used in computing radar cross-section
values for the perfectly conducting trihedral reflectors from Equation

A. 3-7. The columns headed "corner and building specification", and
"corner faces quadrant" were used in conjunction with Figure 3-1 to-orient

the individual trihedral reflectors in the area. The quantities hl, hZ, $I'

1 , 21
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4 Pl, and P2 are defined geometrically in Figure 3-10. To reduce the
amount of computation -required, estimates were obtained for an upper
bound for the cross-section of individual corners. When this upper bound
was small (usually less than one per cent of the contributions obtained
from other trihedral reflectors in the same quadrant) further computa-
tions were not performed and these reflectors were termed negligible.

Polar diagrams -f radar cross-section versus azimuth angle for each
of the trihedral corners listed in Table 3-1 are shown in Figures 3-11
through 3-22. The column entitled "polar diagram-no." in Table 3-1 in-
dicates which polar diagram corresponds to which corner.

# 2

--- 1

FIG. 3.10 GEOMETRICAL DEFINITION OF CORNER DIMENSIONS USED IN

TABLE 3-1
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3.2 RADAR CROSS-SECTION IN THE CARDINAL DIRECTION

(CARDINAL POINT EFFECT)

As pointed out in Section 1. 2, the cardinal directions from the radar
point of view are the directions perpendicular to the streets in uniformly
built up-areas. In these directions, the dihedral reflectors are general-

ly of primary importance in computing the radar cross-section. As
shown by Figure 3. ,3, because of the beam divergence, part of the di-
hedral contribution is essentially specular (from dihedral reflector 3)
while part will be non-specular (reflector 4 and parts of 2 and 5). Re-
flector (1) is not in the beam and therefore does not contribute to the re-
turned signal.

,1) (2) (3) (4) (5)

Range

• V

Radar

FIG. 3.23 EFFECT OF BEAM DIVERGENCE

When the radar radiation is incident in a plane nearly normal to the di-

hedral axis, specifically when

- sin Or cOs Or << i,
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(for angles defined in the figure below), the back-scattering radar cross-

section is much greater than when the direction of incidence is not nearly
the normal to the dihedral axis, i. e., when

sin CA, cos r >> 7r

This follows from the results of Appendix A. 5 which show that subject to

the latter inequality the cross-section T is essentially wavelength inde-

pendent (Eq. A. 5-1), while near normal incidence it is inversely pro-
portional to wavelength squared

4 =4" A2
X2

where A is the area of the dihedral projected in the plane perpendicular to

the incident ray.

Assuming the much greater sign (>>) to be equivalent to at least a

factor of ten, the returns f'or which

inrx Or cos Or >' 10ir (x shownin Figure 3-23)
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can be neglected. If X 0. 03m, Or =4. 40 and Or = 7r/2 - Y then

xsin Y 7 ' m

(4 . 4 ) ir

But sin Y = x/R, where R = 1.6 x 105 so that

2 (2.7) (1.6) 06 m2 and x_5.6 x z02 meters.
S> (4.4) 7r

Using this example with Figure (3. 23) we see that if 5. 6 % I0Z is less than
the distance out to the dihedral 2 (or 4) but greater than the extent of 3
then the return may be considered to be very large from parts of 3
(specular) and quite small from all other dihedrals shown in the figure.

The part of reflector (3) which gives a large return corresponds to
the condition

2 7rx-- sin Or cos 0 r -- 7r

For X-0.03m, 8 r- 4.40, and R = 1.6 x l05 meters -this corresponds to
the condition x.< 100 meters.

A similar calculation for Or = 2q. 80 shows that for values of x--larger
than 1-15 meters any dihedral contribution is negligible compared with the

specular return for x less than 65m.

From these considerations the radar cross-section in the cardinal
directions was computed to be as shown in Table 3-2 and Figure 3-3.

These values represent an upper limit to the radar cross-section in
accordance with the assumptions of infinite electrical conductivity, plane,
smooth surfaces at right angles to each other, an exact perpendicularity
between the dihedral axis and the radar-to-dihedral line-of-sight.
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TABLE 3-2

RADAR CROSS-SECTION IN THE CARDINAL DIRECTIONS

Cardinal Depression Radar Coss-Section in
Directions Angle in Degrees Square Meters

20.8 2.0 X 1010
N (€ 00o) 4.4 2.3 x 1010

20.8 8.1 X 109
W (.0 900) 4.4 9.3 x 109

120.8 2.0 x 1010
S (4, = 1800)

4.4 2.3 x I010

20.8 8.1 x 109E ( € 2700)

4.4 9.3 x 109

3.3 METHOD OF COMPUTATION FOR FINITE CONDUCTIVITY

The effect of zero conductivity was obtained from the relation
Tzero conductivity (9,€) = R 1 R 2 (-infinite conductivity (0,¢). where R 1 and

2- are the energy reflection coefficients of the walls of the buildings (see
App. B. 2). The ground was assumed to be perfectly reflecting and the
materials of the two walls were taken to be the same (this last is actually
the case for many of the reflectors considered). The calculations for zero
conductivity were carried out only at the near-grazing incidence angle,
0 = 4. 4 degrees. The reason for this choice was that at this angle the
corner could be treated as if it were a dihedral, thereby simplifying the
calculations greatly. Since horizontal electric vector polarization was
assumed, the Brewster angle effect enters causing a very great difference
between the lobe structures for the two extreme cases. Consider, for
example, the northeast sectors of Figure 3-3 and 3-7. For infinite electri-
cal conductivity there is only one lobe. For zero electrical conductivity
this single lobe splits into three lobes. The effect of finite conductivity is
to smooth the latter curve since at the Bi ewster angle, Ob, the reflection
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coefficient is no longer zero. This result for the northeast sections
of Figure 3-3 and 3-7 is reproduced qualitatively in the figure below.

- Lossless Dielectric
Perfect Conductivity --- Lossy DieIechic

If the loss tangent satisfies the inequality tan 2 a << 1, the doubly re-
flected energy reflection coefficient RIR 2  R a., (0 b) j2, is given by
(App. B. 3, Example 1).

2 45 (~- 1 22
R R R (0b) tan2  , (ir/2 - 0b 2

1 2=1 16 ( al -I . b 1tan 6 <<

where V' = real part of the dielectric constant, and p,2 is the energy re-
flection coefficient for horizontal polarization. To obtain a large value
of j R,,(eb) I2 but still satisfy tan2 d<<l, assume a' = 6 arid tan 6= 0,1.
Then IR11 (0b)j 2 t 10-5. This value gives a cross-section of the
order of 104 square meters which is about 30 db less than the maxi-
mum values in the neighboring lobes. For wood, tan6d10- 2 , e=2.

(see Table B-I, App. B). These values give IR,,(eb)1 2 <<10-5. Thus
even though the electrical properties of non-metallic construction ma-
terials at X-band are not well known, it is to be expected that the
more complex lobe structure predicted for lossless dielectrics when
horizontal polarization is used, will be observed in practice for non-
metallic buildings. If V' should be much larger than 6, the zeros in
the radiation pattern would occur much closer to the 0 = 0 degrees

48
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and 4' - 90 degrees angles, in which case the radiation pattern would
not be significantly changed from that for perfect conductivity.
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IV

EFFECT C- BUILDING SHAPE ON RADAR RETURNS

The over-all shape of a-building has a marked effect on its radar
cross-section, particularly in directions from which specular returns
are received. Hence, i:. designing new structures, serious consideration
should be given to using building shape in conjunction with or in place of
absorbent material as a means of reducing radar returns. The extent to
which cross-section can be reduced in this way can be seen from Table

4-1. This table contains formulas for the maximum cross-section of
several building shapes as a function of aspect and illustrative examples
showing the cross-section -of each of these shapes-for a floor area of ap-
proximately 30, 000 square feet. In preparing this table all surfaces were
assumed to be smooth and perfectly conducting.

The numerical examples illustrate the fact that the return from di-
hedrals, under optimum conditions, is far greater than the return from

curved surfaces. For example the ratio of cross-sections between the
rectangular building and a quonset hut type shown in Table 4-1 is 103.
The reason for these differences is simply that the returns from corners
are highly directional, returning much of the energy back toward the
transmitter, whereas the curved surfaces reflect the energy more nearly
isotropically.

The calculations in Table 4-1 took into account only the specular re-
turns. Although the return from an object such as a building is specular
at some aspects it is not at others. The non-specular return, however,
is generally negligible compared to the specular. Consider a sloped roof
which gives a specular return at normal incidence -only. To obtain an ap-
proximate idea of relative radar cross-sections for the specular and non-

specular returns assume the roof to be a flat plate isolated in space. As-
suming perfect conductivity, the cross-section at normal incidence is

given by

4 f AZ (4-1)°n X2
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where A is the area of the roof. For any other aspect (0, 4), with 0,0
not too close to 0 or ir/2 the return is not specular and the cross-section
(averaged over a small interval about (0, 4') ) is

X2 cos2 0
a 16nr3 sin4 0sin2 0 cos 2 0 (4-2)

y

Xb

FIG. 4.1 GEOMETRY FOR FLAT PLATE

The ratio of the specular to non-specular return is

-n - 647r4 A2  sin4 Osin24cosz(
Ta X4 cos 2 0

As an example let X = 3 cm, A =1 , I = 30 feet, 0 30 degrees, arid
4 = 45 degrees. In this case the ratio is

(n/oa Z 1012 . (4.-4)

This result illustrates that in estimating the cross-section of an area it
is generally sufficient to take into account only the specular return.
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NUMIEr-- RCA I1.XAMPES

RSS-s3C lION • FIOOR AREA CONST. 3 ri' ft. T

SNI7I:'RICAI D )ATA 0 (IN SQUARE METERS)

I! 20 fI. (I Floor) 300 1.302 x 1010

(4 ,_L C'os t , 100 ft. 1, 300 ft.

F. 3 50 ft. (3 Floors) 300
% ý 57.7. It. 1. 3173. 2 ft. Z

" " = 0 ft. (I Floor) 1t/2 - a 4.049 9 10

0 W -0 100 ft. 1, 300 ft. (a = 30)
Co, 0O 2 . I,• Il-" 50 ft. (3 Floors) ir/2 - a 1

F' • -"-'/: r . 2""a so ft. (3 Floors) 2W z 57.74 ft. L, 173.2 ft. (a = 300) 3.306 x 1030

ft
-.a-a z~a n lhi- 30 ft. (1 Floor')

a, o) a ) and ( 2112 30f. 0 l o 3.929 % It,0

' !1, uh:iu r, 0 > Tani 1  w - If- Tv 2 10 ft. 31) 0 = 200

Sa } 0 "�W \ . 2
ý 100 ft. LI 300ft.

('T'an0 - ".111al) "l ' a" "a , 1 W W >0>aI .112 l Ib ft. LL 300 ft. (2) 0 = r/2 a 1 2.930 x 1010

0__ __ >( i0a o a, 
0

1o

II 40 ft.

12) L2  0 > Tan - 2 I W 100 ft. 300 2.736 x 107

Lz 300 ft.

(I -cot;0) W3 00 Ift. 4.980 x 107
¢ : • 30°

L a 300 ft.

/llo0)2 2 11 t W/? =50 ft. (3 Floors) 30 0 4.853K 109
x- I -- ( eos0) W% 57.74 ft. L = 173.2 ft.

II z 20 ft. (1 F;,loor.) 300 8.031 K 10

S8 Ta ll 2os0 a z 97.72 ft.

00 If z 50 ft. (3 Floors) 30° 2.898 x 30

0I 
a r56.42 ft.

a z 97.12 ft. 5.574 ' 10

"TABLE 14. 1
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V

RECOMMENDATIONS

There is a considerable need for basic investigation of factors af-

fecting the radar returns from building and terrain. Specific problems
which should be studied experimentally and/or theoretically are described

below.

5.1 EXPERIMENTAL PROGRAMS

5. 1. 1 Camouflage Procedures

The camouflage procedures described in Section 2. 1 should be field

tested as described in Section 2. 2.

5.1.2 Rough Surfaces

In the present study, the ground was assumed to reflect incident ener-

gy specularly, isotropically, or in a superposition of these two ways. It
is felt that this assumption is sufficiently good for obtaining estimates of

radar cross-sections for camouflage against present-day radars. How-

ever, because rough surfaces generally do not scatter isotropically as
assumed, this assumption should be checked by investigating the effects

of type and magnitude of roughness on the returns from dihedral and tri-
hedral reflectors formed by smooth walls when the ground is covered by
grass or shrubbery, is plowed, or contains irregularities such as natural

gullies, holes, and rocks.

These results, together with considerations of time and cost, can be

used to determine the most suitable means for- reducing dihedral and tri-

Ihedral reflections for camouflage, For this purpose,- the effects of regu-

lar arrays of protuberances such as were studied by Cornell Aeronautical

Laboratory (App. D. 6.2) should also be investigated.

5. 1. 3 Angle Errors

If the sides of a dihedral or trihedral reflector do not meet at exactly
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90 degrees, the radar cross-section is reduced. The geometry and algc-
bra involved in computing this change for a trihedral are lengthy and the
results quite involved except for special cases (App. A. 6). To get use-
ful results in more general cases would require extensive numerical
work. Hence, it may be advisable to investigate these effects experi-

mentally (App. D. 6.1 ).

5. 1. 4 Dielectric Constants of Soils and Common Building Materials

Radar returns depend markedly on the electrical properties of the
ground and of building materials, as characterized by their complex di-

electric constants. Inasmuch as little data are available on these con-
stants at X-band for common building materials, combinations of materi-
als, or soils (App. B), such data should be obtained.

5. 1. 5 Validity of Physical Optics

There is considerable experimental evidence available on the degree
of validity of the physical optics approximations for perfectly conducting
dihedral and trihedral reflectors. The validity of the physical optics re-

sults obtained in Appendix B for non-perfect conductors should-be checked
in similar ways.

5. 1. 6 Flight Tests for Data on Microwave Reflections

New experimental data should be obtained with airborne radars in
well-controlled experiments. These tests should include the effects of
various polarizations in transmission and reception, that is, the scatter-
ing matrix should be obtained.

5. 1. 7 Over-all Tests of Results of Section III

Flight test data on the microwave reflections from the buildings on
the east side of the Willow Run Airport would be extremely useful. These
data would make it possible to compare the theory and computations in
this report direc'tly with experiment and hence possibly to determine the

over-all validity of the assumptions and methods employed in Section III.
However, the computations should be i efined for this comparison as indi-
cated in Section 5. 2. 4.
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5. 1. 8 Further Analysis of "Project Baltimore" Data

The results of Project Baltimore (Ref. 4 and 5) appear to be degraded

to a certain extent by inadequate target description (App. D. 1). If this is
true, the information which was lost could be regained by re-describing
the target area and target characteristics and then re-analyzing the data.

In carrying out this task, more theoretical information than was available
"to the Strategic Air Command should be used in selecting the critical
target characteristics and in determining the amount of detail needed in
the descriptions.

5.2 THEORETICAL PROGRAMS

5. 2. 1 Rough Surfaces

A geometric optics formula for the radar cross-section of a two-di-
mensional "rough" surface, assuming no multiple reflections, is developed
in Appendix C. However, the exact shape of any particular section of
ground would probably never be known; at best, only certain statistical
properties of the surface would be known. Hence, the statistical aspects

of the problem should be investigated.

The assumption of geometrlic optics, ,-Ithough probaoly quite good for
slowly varying surfaces, is, for example, inapplicable to ground covered
with trees or bushes. Problems of rapidly var-ing surfaces should be
investigated to obtain a better theory of scattering by rough surfaces.

5. 2. 2 Returns from Complex Targets

A theoretical study should be undertaken of simplified- models of
groups of buildings in which the buildings are assumed to be arrays of
rectangular blocks with crertain statistical distributions of heights, widths,
and spacings. This study is of interest to the general problem of radar
cross-section prediction and camouflage. The dimensions are to be con-

sidered sufficiently large to apply physical optics.

An analysis should be made assuming that the contribution made by
rays undergoing more than three : eflections is negligible, that the building
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heights are statistically distributed, and that the building widths and spac-
ings are constant. The computations would show how variations in height
and different ratios among average height, width, and spacing will affect
the cross-section. It would be of interest to compae such results with
those of Project Baltimore (App. D. 1) where some of the parameters
found to correlate highly with radar returns seen on PPI displays were
variations in building height and the ratios of building height to spacing
between buildings

5. 2. 3 Geometric Areas for Trihedrals Including Effects of

Non- Perpendicularity

In Appendix B. 4, the cross-section for a trihedral reflector with
walls of arbitrary complex dielectric constant is determined in terms of
the areas occupied by various bundles of -rays, Formulas for these areas
in terms of reflector geometry (e. g., the truncated corners dealt with
in Appendix A. 3) and direction of incidence should be obtained in order
to be able to use the general results of Appendix B. 4 for computational
purposes.

Solution of the same problem, but for angles other than 90 degrees
between walls, is necessary to handle the effects of non-perpendicularity.
Extensive numerical calculations would be required to obtain usable re-
sults from- the straightforward methods described in Appendix A. These
numerical results, if obtained, should be analyzed with the aim of de-

. termining some simple general estimates of the angle error effects. It
may be possible to avoid many of these computations by devising a more
clever alternate scheme which would provide approximate answers for
small angle errors.

5. 2. 4 Refined Computations of the Willow Run Scattering Patterns

If it desired to check the radar cross-section estimates made in Sec-
tion III experimentally, as recommended in-Section 5.1. 3, the patterns
which have been obtained (which overestimate the radar cross-sections)
should first be refined by allowing for surface roughness and non-perpen-
dicularity of the sides of the reflectors.
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In addition, the effects of small conductivity should be taken into

account more accurately, particularly for situations in which the depres-

sion angle is not very small.

5. 2. 5 Polarization

The effects of varying polarization of the transmitter and receiver

on the cross-section of building complexes should be studied analytically.
The entire polarization scattering matrix should be considered. This

work involves only straightforward application of the procedures and many

of the completed results oi Appendices A and B.
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APPENDIX A

SPECIAL FORMULAS FOR DIHEDRAL AND

TRIHEDRAL REFLECTOR RETURNS

It was pointed out in Section I that the main contributors to the radar
"cross-section of buildings are most likely the dihedral and trihedral re-

flectors formed, for example, by the building walls and the earth. These

reflectors are usually not the conventional corner reflectors which are
used as beacons, reflection standards and so on. They often have one

side effectively infinite in extent, or of an irregular shape; they may be

truncated zo that parts of the sides near th, apeA are missing; the sides of
the dihedral may not meet at 90 degrees; and the materials of the sides are

generally not all metallic and not all the same. Formulas have not been

worked out in the pastfor many of these situations. Some of these formu-
las taking into account the special geometrical configurations, are derived
in Sections A. 3 through A. 6.

A. I GENERAL THEORETICAL BASIS

A. 1. 1 Back Scattering by Corner Reflectors

Corner -reflectors will be considered whose dimensions are several

wavelengths or larger, irradiated by a parallel beam of electromagnetic
energy whose geometrical- cross-section is larger than the reflector. As-

sume for the present that the reflector sides are at right angles with each

other. The main effects of the reflector then-are to reverse the direction

of energy flow and to limit the cross-sectional extent of the reflected beam.

The -reflector acts very much like a flat plate perpendicular to thie beam.

It is, of course, well known that the edges of such a plate cause diffraction

so that the beam actually spreads out around the direction of greatest

energy flow. In the case of a corner reflector, however, the beam vignet-

ting does not take place all in one plane, but parts of it occur at various

distances along the beam, i. e., at the successive reflections from the

walls. However, a comparison of computational procedures shows that

the diffraction pattern can be adequately predicted from that of a flat plate.
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In general diffraction patterns can be fairly well approximated by
applying physical optics as outlined, for example, in Reference 15. In
essence this method is-an application of Huygen's principle, whereby,
the contributions of the elementary sources across the aperture are added
(integrated) in phase. In Reference I I this method- is applied to a square
trihedral corner first by integrating over the faces of the corner and alter-
natively by integrating over the equivalent -flat plate. It was found that the
heigi.s and widths of the main lobes of the two diffraction patterns were
practically the same. Also the envelopes'of the sidelobes were similar
although the fine structures were quite different. It is therefore a matter
of indifference which method is used as far as accuracy is concerned;
hence the simpler plane plate method will be used.

z A
Transmitter A a

A
R n

Receiver A

ds

FIG. A.1-1 QUANTITIES APPEARING IN THE FORMULA FOR THE
SCATTERED FIELD

In Reference 15 it is shown that the scattered- magnetic field is

sc exp(-ik R') -(Ts C - R I Fp (A. 1-1)

for an incident magnetic field Hint,

A- z
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where,

F(3) ik *- a) f-(no" a Hinc and

"T= I Ae-ik (no +k) ds

A

Here,

A = the area of the effective flat plate

R = the distance separating the receiver and the integration point

R' = R + rcosa o . where cosao = no.F/i

S= the angle separating the transmitter and receiver

Ano = the unit vector directed from the receiver to the origin

a= a unit vector in the direction of the incident magnetic field
A

(a has the components ax, ay, and az.-)

A
n = the unit normal to the surface
A
k = the unit vector directed from transmitter to origin

^r radius vector from origin to integration point.

The radar cross-section is

a-= (70FxI' +JFy I' +IJFz12) .(A. 1 -2)

If d is the direction of the receiver's R polarization the effective
radar cross-section which measures the received energy taking polariza-
tion into account is

"Ie I d d (A. 1-3)
(re (P) i. I(n " a) %. - o -

A-3 ---
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For back scattering at normal incidence A A - o,T= 7i A, and

-47rA
2

47= • (A. 1-4))'Z

A. 1. Z Law of Reflection

The shape of the effective scatterer may be determined by ray trac-
ing. For this purpose it is convenient to write the law of reflection (the

angle of incidence equals the angle of reflection) in vector form. Let i
and Pr be unit vectors in the directions of the incident and reflected rays;
A
n the unit normal to the reflecting surface at the point of reflection, di-

rected positive toward the side where the ray is incident. Then the law

of reflection is

A= A.A A
Pr Pi - "(n pi) n (A.•-5)

In particular if, in a cartesian coordinate system (x, y, z), Pi = ( Py,
Piz) and, for example, if n = (1, 0, 0) then Equation (A. 1-5) states that
Pr = (-Pix, Piy, Piz).

The direction of a in-the beam emerging from the reflector may be
determined as though the walls were infinite in extent, by using the fact
that the tangential component of the electric field vanishes on-perfectly
conducting surfaces.

A. 1. 3 Projections

Another general formula which is needed is for the projection along
direction A of a position vector P (extending from the origin to a point P)
onto a plane with normal h passing through the origin (Fig. A. 1-2). The
projected vector P' is

P'= +S (A.I1-6)

where s is determined by the condition

P I 0, (A. 1-7)

A-4
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or

A

S A (A. 1-8)
P. n

For the special case in which n = -

S A. -95=p. (A. 1-

An P
Asp

FIG. A.1-2 THE PROJECTION VECTOR P'

For determining the diffraction patterns it will in some cases prove
desirable to express P' in terms of rectangular coordinates X, Y in the

plane normal to n, (See. A. 7). A convenient system is defined in terms
AAA

of an arbitrary rectangular coordinate system x, y, z, by the unit vectors

A AA

X -,x nf- -- (n3, 0, -ni) , (A. 1-10)
y x n 3nZ Z

Y=XXn In, n2 , -(+n ,)i nn n 3 ] n +n

- A A
in this plane. Thus, if P' = (x', y', z'), then, P'= X + nY, with

A-5
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= (x' n 3 - z' n1 ) z 1 n (A. 1-11)

[n n2 x' - (n2 + n) y' +n23
z 2-+n,+

1i 3 iyin

A. 2 RADAR CROSS-SECTION FORMULAS FOR CONVENTIONAL

CORNER REFLECTORS

Three of the simplest reflectors are the trihedral reflector with
square sides, the trihedral reflector with rectangular sides, and the
dihedral with incident propagation vector normal to the dihedral axis.

The back scattering cross-section formulas for these reflectors are well
known. They are:

1. For the trihedral reflector with square faces--

r6 47r ZmZa4 n
X2  n2

7-= I

XZ1  (4-\ am' -2.

where 1, m, n are the direction cosines for the incident radia-
tion, a is the sidelength,_ and X is the wavelength.

2. For the trihedral reflector with rectangular sides we have

"4 7r 12 b2 (4c- n b)2 (-"& -

6412Z mZ c4

x2 n2  b 2c

where the symbols are defined in Figure A. 2- 1, 1 = sing cos ',
m = singsin 4, n = cosO, and

A-6
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0

b

FIG. A-2.1 GEOMETRY FOR TRIHEDRAL REFLECTOR

3. For the dihedral with incident propagation vector normal

to dihedral axis
1 671 aL2
16,, a2 LZ sin2 0,

where a, L and 0 are as shown in Figure A. Z-Z.

Radar Transmitter
& Receiver

FIG. A-2.2 GEOMETRY FOR DIHEDRAL REFLECTOR
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A. 3 RADAR CROSS-SECTION OF A COMPENSATED AND

TRUNCATED TRIHEDRAL REFLECTOR

Reduction of the back scattered energy by modifying the corner re-
flector is called compensation since the reduction in back scattered energy
is compensated by the increased energy scattered in other directions. The
modification may be due to such causes as truncation (i. e., the removal
of some of the reflecting surface), non-perpendk, ularity of the dihedrals,
or roughness of the reflecting surfaces. It should be pointed out that
truncating a corner reflector does not necessarily compensate it.

In this section the radar cross-section for the corner reflector
shown in Figure A. 3-1 will-be determined. First, the method of images
will be used to simplify the calculations and then the laws of geometrical
optics will be applied to obtain the cross-section. The scattering -surfaces
are assumed to be perfectly plane and to have infinite electrical conducti-
vity. A problem equivalent to that of Figure A. 3-1 is obtained when

Transmitter - Receiver

M

"- -

S N

NOTE: Plane surfaces L, M and N form a corner reflec:tor.
N is of infinite extent; L and M are of finila extent.

FIG. A-3.1 GEOMETRY FOR COMPENSATED AND TRUNCATED
TRIHEDRAL REFLECTOR
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surfaces L and M along with the transmitting antenna are imaged in the
plane of N. Only those rays originating at the image transmitter can

Original
Tronwmitter

. Receiver
"Position

image of

Transmitter

FIG. A-3.2 GEOMETRY FOR THE IMAGE PROBLEM

reach the indicated receiver position. Thus, only a transmitter placed at
7r - 9 need be considered to determine the cross-section of the bundle of
rays reaching the receiver position at 9. The problem becomes that of

determining the cross-section of the bundle of rays that first strikes the
surface L, or its image, then strikes M, or its image, and finally reaches
the receiver. The rays that strike M, or its image, then L, or its image,
are accounted for in a similar manner.

A-9



UNIVERSITY OF MICHIGAN ,,,

2255-1Z-T

L

Transmitter

FIG. A-3.3 A GEOMETRICAL OPTICS APPROXIMATION TO THE IMAGE PROBLEM

Consider first the rays that strike L and then M, and introduce the
notation shown in Figure A. 3-4. The unit vector in the direction of the• A A _
incident rays is k = - a -b y + c iz. The rays which are reflected from
the surface in the xz plane have the direction numoers (-a, b, c) and
form an image of on the yz- plane as they strike this plane. In the yz
plane the image of X, X', will take one of the three forms in-Figure A. 3-5.
This figure indicates how the shape ofX' varies with the elevation angle at
a fixed angle 0.

The point (42, 0, h 2 + hl) projects onto the point (0, Y4, z 4 )" Simi-
larly-the points (42, 0, h? - hl), (41, 0, h 2 +-h l ), and (4I, 0, h2- hl)

A-10
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(O,Pl 2h 2 ) (ofi2 . 2h2 )

(• 2 ,0, h2+hh) m

2'2L 
- _______

( oft1 ) (o.-82,o) "

(42' O0 h2 -h i )

A Incident Ray
k

(-a, -b, -c)

x

FIG. A- 3.4 INTRODUCING THE NOTATION
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/•(0, Y4' z4)
00,Y4 )4)

(01Y3 , 23) -Y2 23 (0, yj, z 2 ) --4'-'- z3• (0, 24)

(0 1  I , l z2 ) (01 y4 'o3 )

y y

] 5a 5b

(0, Y4 , 24)

(0- yI* Z22

(0, Y4 z 3)

(0 y1 y1

5c

FIG. A-3.5 THE IMAGE OF t ON THE YZ-PLANE AS A FUNCTION

OF THE ASPECT ANGLE 0 WITH AZIMUTH ANGLE 0 FIXED
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project onto 1he points (0, y4 , z 3 ), (0, yl, z 2 ), and (0, yi, zl) respec-

tively in the direction (-a, b, c). Therefore,

- : y4 : z4 -(h 2 + h)I -a:b:c,

- Y4 : z3 -(h 2 - hl) -a:b:c,

-I : YI : z 2 -(h2 + hl) -a:b:c, and

- y1 : Y : Z (h2 - h)I -a:b:c.

As a result

b h +h c =h -h c b
Y4 a 4 ; '4 2 +a 2 ; z 3  2 1 a szY =a "l;

c c

z 2 -h + h +- a ; and zI h- - h + c "
1 2 a1 " 1 2 1la 1

The only rays that will reach the receiving antenna at (0, 0) are
those which reflect off the surface7)Z, so that the problem becomes that
of determining the area common toN,? and /'. Once the area common to
Z' and 77? is found, it will be only necessary to project this area in the
dif ection having direction numbers (a, b, c) in order to obtain the cross-
sectional area of the bundle of rays finally reaching the receiving an-

tenna.

Designate this area by ALM. Carrying out a similar procedure
leads to the area AML, where AML is the projection in the direction of
the receiver of -the area common to those rays that first strike 7/? and
then X. The radar cross-seciion in this approximation is

o- =-i7 (ALM +AML)2 (A. 3-I1)

An expression for the areas common to • ' and 77Z will be obtained. There
are three possibilities as shown in Figure A. 3-5. It is seen-from the

P -13
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figure that the area Žf' is the same in all three cases. Considering only

the y- limitation in the flZ-plane then

A common = - - z3) [(y4 t )P) - (y1 UPO] (A.3-Z)

where the symbols (x n y) and (x u y) mean the smaller of x and y and the
larger of x and-y respectively. The square parentheses shall be taken to

mean, [x] = 0 if x < 0 and [x] = x if x > 0. Therefore:

A LM = (Acommon 1x' . (a + b + ciz)

=(sing cosO) Acommon

It is clear from the geometry that if h 1 < h2 , the line x = 0, z = 0 imposes
no limitation on the area so that it is only necessary to consider the limi-
tations due to the linex= 0, z = 2h 2 . This yields (for z 3 • z 2 )

Acommon (z 4 -z 3 ) [(Y4 n PZ)- (Yl n P) ]-1) [(z4 nz..)-(2h2 U(z3 U zo))]

S[(P2n y4 )- (y'u (Ny Y3))] - [(2h2 (z 3 z•)) - (2h? u zI U zbo)] (A. 3-3)

(Y4 - 3 )- [(zZ0z z1) - (ZhZu z, Vzbo [(y U P I) (y, VYoU YOU]

The first term in Equation (A. 3-3) represents the parallelogram with no
limitations imposed by the line z = 2h 2 . The second term allows for the
triangular area cut off by the line z = Zh2 when 2h2 < z4 . The third term
allows for the parallelogram cut off by the line z = Zh2 when Zh 2 < z3 and
the third and-fourth terms allow for the trapezoidal area cut off by the
line z = 2hz when 2hZ < z2. In Equation (A. 3-3) yo is the intersection of

A-14
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z
Z4

-z 3

2I

Zl I, I

Y1 U' 1  Y4 n-62

FIG. A-3.6 THE IMAGE OF.e ON THE YZ-PLANE

z z with the line (p) passing through the points (0, Y4 , z4 ) and (0, Yl,
zZ), i.e.,

Y4 - Ylb
Yo aY4+z4-z (zl-z 4 ) =a l- hl-c

4-z2 aC

y' is given by the intersection of line z = 2h 2 with line p, i. e.,

___-_ b
y Y' =34 + -Y4 -y (h,- hl) ,z 4- z2

Yoo is given by the intersecticn of the line z zl with line p where z = z•
is given by the intersection of the line (q) passing through the two points
(0, Y4 , z 3 ) and (0, yl, zl) withy P2.

Yoo Y + z_ + - h

-_ _--_ -A -15
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yl is given by the intersection of the linez' with line p where Z'o is

given by the intersection of y = p1I with line q, i.e.,

bb
is = 1l - 2hl-

z'"2 i the intersection of y= P2 with line p; i.e., z"' = hI + hz +.•Pz,

z is the intersection of y= 1Pwith line p; i.e., z= hl +h 2 + 1 , and

zo is the intersection of y= P1 with line q, i.e., z• = h 2  h 1 + 'P2 .
Y4Y2 b bb

Furthermore, Y3 = Y4 +z4 (z 3 - z 4 ) = Z - "h- From these
- 2a c

relations, Equation (A. 3-3) becomes,

A 2h zhl n (h hz + 2)] 2

c- [ (n- - nl) !I hl - hZ +b Z"

+ L- hlI1 1 (hl l-h? + n1 if a< 4 (A.3-4)

where

P ., and 112 = Z ( P2 P (A. 3-5)
a a

When zZkz 3 , i.e., a (42- ± 1-Zhl, then bya similar method
a

Acommon = Zh 1  -71 -0 (1z- T) ) (hl -h 2 +• - 12 )]Z

2 [- nji [2h I (h1 - h 2 +L 171)

+•c (1 -l) fi hl -h2 +bS nZ (A. 3-6)

A-16
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The area AML is equal to the area ALM. This is proved as follows:

I 3

FIG. A-3.7a DEFINITION OF TRIHEDRAL
REFLECTOR SIDES

<232

FIG. A-3.7b DEFINITION OF TRIHEDRAL
REFLECTOR SIDES IN THE

IMAGE PROBLEM

The triply reflected rays may be divided into two groups--those
which strike (1) before (Z) and those which strike (2) before (1). The first
group consists of (1, 2, 3), (3, 1, 2) and (1, 3, 2); the second group con-
tains (2, 1, 3), (3, 2, 1), and (2, 3, -1). Since every ray in the second
group is the reverse of some ray in the first group consider for the
moment only rays in the first group. In the image problem the ray (1, Z,
3) is represented by (1', 2'); (3, 1, 2) is represented by (1, Z); and (1, 3,
2) is represented by (1', 2). The area obtained by projecting (1) + (1') on

__ __A-17__ _
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(2) + (2') (along the beam) and projecting the common area on the direc-
tion of incidence is the sum of the areas of the three beams (1, 2, 3),
(3, 1, 2), and (1, 3, 2). The projection of (2) + (2') on (1) + (1') along
the beam and projecting the common area on the direction of incidence
is the area of the three beams (2, 1, 3), (3, 2, 1), dnd (2, 3, 1). Since
the area consisting of the beams , 1, 2, 3), (3, 1, 2), and (1, 3, 2) is the
same as the area of the beams (2, 1, 3), (3, 2, 1), and (2, 3, 1) it fol-
lows that the projection of (1) + (1 ') on (2) + (2') and then in the direction
of incidence is the same as the projection of (2) + (2') on (1) + (1') and
then in the direction of incidence. Therefore, the radar cross-section
is just

167r iA2
X"- (A LM)

or

167r A2 CA. 3-7)
o"=.42 sinZ cos A common (A.3-7)

where Acommon is given by Equation (A. 3-4) if(c/a)(42 - t1) >.2hl, or by
Equation (A.3-6) if(c/a)(t2 - 4 1) 2h,.

For completeness the case hl > h? must be considered. To obtain
the cross-section for this- case it is only necessary to replace h2 , P1 , P2
41, 4z and 4 by h1 , 41, 1:1, Pl, P2 and (7r/Z - 4) respectively in Equa-
tions (A. 3-5) and (A. 3-6) where 4 is still to be measured from the x-axis.
To simplify the numerical calculations of a- from Equation (A, 3-7), the
expression for Acommon derived above can be put in the following equiva-
lent forms:

Acommon L'z "1] [zhl+ (h[-?bl-bl b(nz-nl)]

-[-hc +hl- n -)(z h-l + -2 n]+• - n2 - and1
b bb band

(A. 3-8)
A-18
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Acohn 12(zh-~ ) n (h2 + hi-n h-(1-1

where

K =2hI n7("n2-.11) ,Z+hl-.E 2 1 l (A. 3-9)

A.4 RADAR CROSS-SECTION OF TWO WALLS IN TANDEM

Consider the case of two buildings in tandem with similar walls
parallel as in Figure A. 4-1. For angles of incidence in a plane normal

FIG. A-4.1 TWO BUILDINGS WITH SIMILAR WALLS IN TANDEM

to the surfaces the scattering crosc-section can be determined by ray
tracing as shown in Figure A. 4-2. It can be seen that the incident radi-
ation is ultimately reflected-from the dihedral corner formed by the wall
and the plane. Therefore, it is only necessary to determine the area

common to the entrance and exit pupils of this dihedral reflector to ob-
tain the cross-section of the wall. This area, A, is just the segment jc
(on the lire ag) times L. Inasmuch as kl/kf = jc/kf = ac/af, where ac =
dsina, af = d, and kf = 2ke = Zef. Hence jc = Zke sin a. To compute ke

A-i9
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• "--•'------ d sin alI

dddd q a k c f'

d

FIG. A-4.2 GEOMETRY FOR THE IMAGE PROBLEM

notice that ke = ef = H cot a - nd where n is the number of reflections that
occur before the incident wave r- aches -the dihedral corner.

Therefore, jc = 2sin a (Hcot a -nd) = 2 (Hcosa-ndsina) and A = 2L
(Hcos a -nd sina). Hence,

= 4L_ Z) (Hcosa- ndsina)z (A.4-)

The foregoing derivation is for the completely idealized case (of
infinite conductivity). In application, the walls will often not be perfectly
reflecting, and, of course, the ground never is. In such cases, the
energy loss at each reflection will often make the returns after many re-
flections (n large) negligible compared to returns after one or two reflec-
tions (dihedrals and trihedral).

A-z0
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A. 5 WAVELENGTH DEPENDENCE OF THE NON-SPECULAR
RETURN FROM 90-DEGREE DIHEDRAL REFLECTORS

Quite often it is necessary to consider the returns from dihedrals
when the incident parallel rays do not lie in the plane containing both
normals to the sides of the dihedrals. This situation occurs, for ex-
ample, when taking into account the simultaneous returns from separated
dihedral targets since the radar beam is not sharply collimated, but is
divergent. This situation occurred in -the computations for Section III of
the text. The same situation also occurred in-Section A. 3 where ihe
problem of a trihedron with an infinite side was replaced by a dihedral
in an imaging process. Non-specular dihedral returns are also of inter-
est when the incident rays are normal to a wall which forms a dihedral
with the ground, but in which the ground slopes along the wall.

In the special case to be considered in this section, in which one
side of the dihedral is effectively infinite, -imaging may be used to replace
the dihedral problem by a particular bistatic flat plate diffraction prob-
lem which is readily solved.

While it is a well-known physical optics result that for radiation
specularly reflected from a dihedral corner the scattering cross-section
varies inversely with the square of the wavelength, it is not as well
known that physical optics gives a cross-section essentially independent
of wavelength' for back scattering from a dihedral when the propagation
vector for the incident radiation is not perpendicular to the axis of the
dihedral. Specifically, as shown in Figure A. 5-1, if the angle between
the projection of the incident propagation vector on the xy-plane and the
y-axis is Y, then

siny -

4 a sin 9

is the condition for the back scattering to be independent of wavelength
for the dihedral. 9 is the angle measured from the polar axis which is

'An average value has been g'.ven to the highly oscillatory wave-
length dependent factor. However, the replacement of this factor by its
average value is still within the spirit of the physical optics approximation,
so tha.t in this sense the resultant cross-section is independent of wave-
length.

A-21 .. __.
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normal to the azimuth plane. It will be noticed that physical optics is
applicable only when y-<< 1, thus the result is valid except in the vicinity
of Y :0, 0-,O0.

The method of images will be applied to find the radar cross-
section of this dihedral reflector. The image problem is that shown in
Figure A. 5-1. In the image problem the transmitter position 0i, Oi is
related to the receiver position 0r, *Pr through the relations *r Zr i
and 0i Or .

To Receiver 2 From Image

Position Transmitter
Position

2a

(2ff Oi)a_1

/
X

FIG. A-5.1 GEOMETRY FOR THE IMAGE PROBLEM

To evaluate the radar cross-section given by Equation (A. 1-2) note
that now

A Ar
o sinOrcos Or-ysin OrsinOr - zcCsOr

S-ixsin 9i cos Oi Iy sin Oisin 4i - izCos 9i , and

r (no) + -x sin Orcos k - Zz cos Or

A-ZZ
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Therefore,

SA +a +b 2ik(xsinfrcos0r+zcosgr)
f=iz e dxdy

-a _ b

Integrating gives,

^A Zikzcos0r sin(ZkasinOr cos4P)
f= i4b e2k sin Or cosS r

The radar cross-section becomes:

4b 2 sin2 (2ka sinn O r cosOrd A A A Ar A A

7r sin2  9r COS 2 [(no. a) _ Z(^n .-1z)(no. -a)( .az ) +(no . i )a •

(A. 5-1)

Since 2a >>I in the usual physical optics approximation, the argument
2ka sin Or cos Or is much larger than ir except for angular regions of Or
near 7r/2 and Or near zero. When-the argument is large, small changes
in any of its factors changes its value greatly, so that, if sin2 (Zka sin Or
cos Or) is replaced by its average value, a quantity of greater physical
significance is obtained.

Z b2  Z (no . - n~0  1z)(nO -a)(i a A AzSo"si- 2 ( or•cos2 nor a) n z
7 sin rCSO

(A. 5-2)

which is wavelength independent.

A. 6 ANGLE ERRORS

Very often dihedrals formed by buildings and terrain will not be
exactly 90 degrees. For example, -for drainage purposes, land is-often
sloped away from the walls. In this case instead of one doubly reflected

L_ A-23
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beam there are two doubly reflected beams diverging with an angle given
by Equation (A. 6-6). The returned radiation at a distant point along the

direction of incidence is therefore due only to-diffraction out of the spec-
ular direction, even- when this direction is in a plane perpendicular to
the walls. To determine this back scattering-the boundary-of the cross-
section of each reflected-beam must be known-since the radiation from
each beam is diffracted approximately as though it were reflected from
a flat plate of this cross-section. The back scattered- energy is then
determined-by superimposing the two diffracted electric fields taking
phase into-account.

Similar remarks -hold for a trihedral reflector. At each non-
perpendicular junction of two walls, any incident -beam-is-split into two

diverging reflected-beams so that there may be 2, 4, or 6-triply-reflec-
ted beams- accordingly as there are 1, 2, or 3, -non-90-degree angles. The
back-scattering is- again non-specular with the diffracted -fields which are
to be superposed, determined by the beam- cross-sections.

A. 6. 1 Spencer's Results

For the specialized p .,::m in- which the incident -radiati on- is along
the axis- of symmetry of a .ii 4i-al-or-trihedral reflector (with all- 90-
degree angles)- the effects of slight rotations about the edges have been

determined quite neatly by Spencer-(Ref. 10). Spencer's results are
summarized in Table A-1. The numbers in the last column give the
product of side- length times- angle deviation from -90 degrees which cor-
responds to -the- indicated reduction- in o-.

The work presented in this section has no such compact end result.
The results in- Sections A.-6. 2.2 -and A. 6. 2. 3 show that the decrease in

back scattered- energy for a given angle error -is -least for the angle of
view- considered- in -these tables. As-a matter of fact this statement is
almost the only one of some generality -which can be made -on -the-basis
of the work which follows. The complexity of the problem in the- general
case is such, that it has not- been- possible as yet to come up with any

general criterion by which a quick juagment of the -effect can be made.
Further theoretical- analysis perhaps along different lines- than- used here
or analysis of extensive computations of the deterioration in return as a 4

function- of angle error,- computed on the basis of the results-in this ap-

pendix -or obtained experimentally, might lead--to such criteria.

T A-24 -
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TABLE A-I

ERRORS IN CORNERS VERSUS db DROP IN SIGNAL STRENGTH

Type of Line of Number of Type-of Error to Reduce by

Reflection "Aight Errors Corner Idb 3 3db 10db

Double 43 One Square .17% - .31D .61X

Double 45 One Triangular .22 .39 .90

Triple Sy-nmetric -One Square .24 .40 I .66

Triple Syn,.netric One Triangular .42 ..70 11.21
I I I

Triple Symmetric Three Square 1 .1 4 1 24 .44

-Triple Symmetric Three Triangular1 .20 135 .62

A. 6.2 Dihedrals

A. 6.2. 1 Ray Tracing

-Consider-the dihedral sides I and II in Figure . 6-1 to-have nor-
mals

nI= (cos-0, 0, sing), and

n =(0, 0, 1) (A. 6-1)

The specular directions of the -rays are determined by applying the
law- of reflection (Eq. A.1-5). It is seen that rays which hit II first with
direction A

k - kx- ky, kz , (A. 6-2)

reflect from II with direction,
k r = kxa k y. -kz a (A. 6-3)

A A-25xE -C z r-9,
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and then reflect from I with direction

A
k 2 =-k cosZ9+k sin 20,x z

k , -k sinZ2 -k cosO . (A.6-4)y x z

On the other hand rays which strike I first, then II emerge with
direction

A
-Z kx-cosZQ0 -kz sinZO0,

ky, kxsinZ0--kzcos 20 (A.6-5)

The cosine of the angle between the emerging beams is there given by

ces, # k? •2 4 (A.6-6)
2i y

A

FIG. A- 6.1 GEOMETRY FOR DIHEDRAL WITH ARBITRARY ANGLE

- ~~~A-Z6 _________
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A.6.2.2 One Infinite Side

In determining the diffraction in each beam and `,he net back scat-
tered return we shall consider first the especially simple (but important)
case where one side is-infinite and the other side it a rcctangle. The
effective apertures normal to-the reflected beams are then parallelograms
(or simply-rectangles if k y =0). However, in this problem it -is perhaps
simpler to use imaging which-reduces the problem to bistatic scattering
from two rectangular -plates, neither one -oriented perpendicular to-the
incident rays.

For the dihedral reflector shown in Figure A. 6-2 where M is the
semi-infinite region y > 0 on the plane z = 0, and plane L is a rectangle
the equivalent image problem is that of Figure A. 6-3 where the image of
L is denoted by L'. Thus the scattered field at the receiver can be-ob-
tained by considering two plane waves incident on two rectangular- flat

z

Transmitter
Receiver

L Receiver

M

FIG. A - 6.2 GEOMETRY FOR DIHEDRAL WITH
NON-PERPENDICULAR SIDES

Transmitter

FIG. A - 6.3 GEOMETRY FOR THE IMAGE PROBLEM

SwA-27
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plates. In the x, y, z coordinate system let the original transmitter-
receiver position be indicated by the angles 0, 0 and the image trans-
mitter position by 0', *' then a unit vector in the incident direction t is

A A A
k ix sin 0 os+isin 0 sin+ i cos 0, and
A A A A
k= ixsin0' cos•' +1iy sinQ'sin#' +izcos9' (A.6-7)

for the -image transmitter where * = *' and ,- - 0. The receiver
_A -Adirection is -no - k.

For the plates L and L' introduce the coordinates of Figure A. 7-4.
In these coordinatesystems(QL, #L), (9 L,,@L), and (OL, *L), (9L,, OL,)
specify-the position of the transmitter-receiver and image transmitter
respectively.

z z

yy
L -0.

x

FIG. A- 6.4 COORDINATE SYSTEMS FOR PLATE L AND LV

The equations of transformation are:

X=x X-= x

Y ycos a-- zsina' -yasci y- zsina

Z=ysina + zcosa Z' = ysina- zcosa (A.6-8)

A-28
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The relations that will be of interest are:

cos@L=sinfsinfsina+cosgcosa

sin [L = L - (sin0sin4sina + cos cosa)21 (A. 6-9)

sing cos #

[I - (sin0sin#sina +cos 0cos) 2 ] a)

costasinfl sin#- cosgsina

[l - (sin 0-sin g sin a + cos 0 cos a)2 ] -/2

with- a similar set for the primes, i. e.,

LcosQ cos 0' sin.' sina + cos 0'cosa, etc., and

cos OL, = sin a sin 0 sin # - cos 0 cos a

sinmOL = [I-(sinasin 0 sin-- cos a cos 0)ZjI/ (A. 6-10)

sing cosCos4P [I - -(sin a sin O sin # - cos a cos 0)z ] 112

sinOL, (sin 0sin@cosa+cos0sin-a) /

[1 - (sinasinOsin - cos 0cosa)21 I/Z

also with a similar set for the primes, i. e.,

cos 9, = sina sin 9' sin#' - cos a cos 9'% etc.

The-unit vectors are related by:

A-Z9
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A A A A A.

iz=I y sina+ zcosa, and i, = iy sina -1zcOSa

By Equation (A. 1-2)

a-42rIFI where F no" - -afij-( 1i n ai (A.6-11)

where Hin = 1, and

-• ^ikr* A A.

4' f f A ik~r (n0 +^ki)
fij = S ne ds.

-th plate

The subscript i = 1 corresponds to the original transmitter, i 2 the

image transmitter, and the j's correspond to plate -L (j 1)-and plate

L' (j = 2). Thus, ior example, Tz is the- contribution of plate L' when

irradiated by a plane wave coming from- the original transmitter position.

From Figure A. 6-5 it is seen that-if 7r/2 -O<a-there are -four-beams,

only two of which need-be considered, namely, 1-1 and fzZ- While for

7r/Z - 0 :,a there are only the two beams, f1- and-r2 2 . Thus F becomes,

= no,-azik 2 ) f2 (no" fI) n f? a21 (A. 6-12)

A A
since no- a 1 = 0. Transformation- of coordinates and integration gives

3- A Zikz cosOL 2[eZika sin QL cOs#L] [le- 2 ikb sin L sin ,

Zik sin L COS#L Zik sinCL sin ] J n

(A. 6-13)

"30 A Zikz'cos O'L, r 2ikasin9'Ltcos # -t 2ikbsinoL-sn#'"~22= i~weOeL-'s-n L'e-Ii.
f22ik sin L, cos#'L, J[ Zik sin OL, sin#'L, 7

(A. 6-14)

A-30
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- FIG.~A- 6.5 GEOMETRY.DEFINING BEAM DIRECTIONSr,

A. 6.2. 3 Two Finite Sides

If both sides of the dihedral are finite in extent, diffraction 
has to be

considered as though the- equivalent flat plates were made up of the area

common to two, overlapping pz•rallelogr'ams as shown in Figure A. 6-6.

In each case, the common area is aPparallelogram 
-withone corner cut off.

In this problem the same shape of plate has to be considered whether

or not an imaging procedure is used. If an imaging procedure is used.

then as before, diffraction has-to be considered when-the incident wave

is not normal to the plane of the aperture.

2 _ 

1>
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FIG.A-6.6 -FORMATION OF VARIOUS- EQUIVALENT APERTURES
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In the previous case of one infinite plane the imaging problem could
be simplified by considering rectangular apertures, but now there is no
simplification in using imaging. -Hence the diffraction -patterns -for -nor-
mal incidtnce are determined.

The field diffracted through these apertures can be- obtained by sub-

tracting the field diffracted by a triangular -plate -from the field -diffracted
by a parallelogram-shaped plate.

The detailed analysis required to dctermine the shape-of the effective
aperture directly -parallels the- work of Appendix A. 3 except -that the non-

perpendicularity of the dihedral-must be taken into account in computing
ray- directions. This computation is not- carriedout here. However,
the field-patterns in-various directions-for certain families of- parallel-

ogram and triangular apertures are-derived and graphed.

For the parallelogram aperture shown in Figure A. 6-7 application of
Equation (A. -1 - l) leads to- an f given by

Y

FIG. A-6.7 PARALLELOGRAM APERTURE

__A-33 _
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=-If sinkl3D sinkBi-
4al klof kBf (A.6-15)

where-a =a 2, and a-and-O are the x and y components of the vector from
the receiver -to the origin, and B = (a+ttan 0)6. Graphs of 12 for B/P = 0. 5,
1, 5 are shown on- the Figure A. 6-8. Note -that for B = .5, 1, and 5 the

graphs of 11 all lie below- the value for B- = 0; thus - the -greatest angular
spread- of energy corresponds- to B =0, which -for fixed 6 and 4, lies- in the
planes correspond;ng to

a- f3tan#;

Consider next the clipped off corner shown in Figure A. 6-9.

FIG. A - 6.9 POSSIBLE APERTURE FOR DIHEDRAL WITH TWO SIDES FINITE

As extensior.--of the definitions used for the Equation-(A. 6-15), define

_____________________A-34_____________i



UNI-VERSITY OF MICHIGAN
Z255-1 Z-T

10

~ :1 f

-0

KP L

FIG.-A-6.*8 RELATIVE- INTENSITY -OF -DIFFRACTION-
THROUGH -A -PARALLELOGRAM- APERTURE
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*, L-i " a , *), (-13 ) ,

x m-M' B = (a+j3m), B = (+m), C = (:+M)b, C, (ac+3M)6e,

x* 6*, ' =-6*, a =d, L Ak (A.6-16)
m-M

Then f for the triangle becomes

f =---,--- (eikBQ -eikB 1) + beko (eikC# -eikC•), (A. 6 -17)

k2 B -kZ3 C

or f = iV2ei•,

where 1 1
V= tan-I B (sin-a - sin-b) + -( (sin-c -sind) and

I- (cos a - cos b) + _L (cos a- cos b)
B C

S262 1 -cos (a -b) 1 - cos-(c- d) (A. 6-18)

cos (a- c)- Cos (b- -c) - cos (a- d) + cos (b - d) )•
+ - BC 5

B C
In EquationA.6-18 a= k1l (1 + I c=k o (-+( ) , and

A01$ (A +) -dkol (A+)

Inthe special-case of a right triangle shown inFigure A. 6-10 Equation
(A. 6-18)

_h

-d -d

FIG. A-6.10 TRIANGULAR APERTURE
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specializes to a form which is perhaps simpler. Comparison of Figures
A. 6-10 and A. 6-9 shows that in this case x = -d, a d, and hence B _ -B,'*

and C = -Ce. Also M = L = 0 and rn =/d, so-that

f- =2d eikomd sin k (c+ 0m)d - sin k a d (A. 6-19)
iko k (a+om)d kad

To plot f conveniently, -define-
kah R• =dE + Lgh

X = ad;N =--d' k(t+9m~d -_ \t 2cf (I {+ N)_x
2dN h (A. 6-20)

2d hd-km-3d= Nx; k i - Nx

Hence
f (N,x) = i [eimx sin (l+N)xl _ sin- -

If (Nrx)2 _ T (-in x) + -sin-(0+N)x' 2

hzNxZL (+N)x d (A.-6-22)

-2 sinx sin(1+N)x cos NX
x (l+N)x

For N = 0 (or -1), Equation (A.6-22) reduces further -to

f 12 (sin -x\ -2 1 +(x-cot x -- i] (A. 6-Zh dZ -- (A.-6-23

By applying trigonometric identities, Equation(A. 6-22) can be -reduced to
the -form

jf (N, x)B 1 - 1 +-N (N+ 1) (I -cos 2x) (A.6-24)
h2 d2 2 N? (N+ 1)2 l

+ N cos 2(N+ 1) x-(N+ 1)-cos-2 Nx,

which- is quite convenient for computation, and more- important; which
also shows that

If (m, x)lI'-- If (-1 -m x), . (A.-6-25)

But if NMis a negative integer, N S_ -2

A-37
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Jf (N,K >) [2 4 (sin_x 4 _N_ _k _N+ký (2sinx)Zk

h 2 d 2  TN(N+I) lx-) I(2k+2} k+ 2k=0 (A. 6-26)

Thus for all -integers N except N = + I or zero, III 2, plotted as functions
of x (Fig. A. 6-11) all- drop off faster than the curves for N = 0, -1.

A. 6.3. Trihedral Reflectors

The most important reflectors -for this investigation -are those with one
side (the- ground -plane)- effectively-infinite in extent. The angle error sit-
uation of most interest in this case is where the non-perpendiculhrities
are at the junctions-with the ground plane. However, if these-angles are
90 degrees -although the- angle at -the remaining edge is not in general 90
-degrees the two finite walls may be -imaged- in -the ground plane and the
problem converted to a dihedral- problem- as in Section A. 6.2. 3.

-If one-of the remaining-walls is so large-that it does not limit the
beam, the more complete results of Section A. 6.2.2- are directly ap-
plicable.

Angle error effects- in general -trihedral reflectors can be handled by
the methods- described in -the foregoing sections. The -complexity of the
analyses and--results-by-this treatment- is- so-great, -that it -has notbeen

worked out-on this contract. For a small- deviation from 90-degree angles
perhaps -other approaches -such as applied-in Reference 10 for-certain-
special cases- would -prove fruitful.

A-38
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FIG. A-6.11 RE LATIVE INTENSITY- OF DIFFRACTION
THROUGH A TRIANGULAR APERTURE
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APPENDIX B

COMPLEX DIELECTRICS IN DIHEDRAL AND TRIHEDRAL REFLECTORS

B. 1 THE PROBLEM

The fields scattered by-objects constructed of materials of infinite
conductivity have -been -investigated rather extensively by means of the
physical optics approximation for objects whose characteristic dimen-
sions--are much greater than X, -the wavelength of the incident radiation.
The main purpose of this appendix is to study the- effect of finite
conductivity in the case of dihedral and trihedral- corner reflectors when
use-is made of an approximation analogous to the-usual physical optics
approximation as applied to perfect conductors.

B. 2-BASIC THEORETICAL CONSIDERATIONS

In Appendix A the basic theory behind the plhysicai optics procedures
was sketched to an extent adequate for the work in-that appendix. How-
ever, to make clear how the effects of the dielectric constants- of the
-scatterers enter the theory, a -somewhat more -detailed description is
necessary.

The exact solution of Maxwell's equations in -a closed region- V
confaining-no sources- can be expressed as an integral over -the surface
S with unit outward normaLn bounding the region V. The fields are-
given by Stratton (Ref. 16, p. 466), as

S

= -T _ ( n +('n x 70+(n^ -)~ dS,* (B. 2)

B-1
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where r and p. are the dielectric constant (inductive capacity) and

magnetic permeability of the medium filling V, the medium being

assumed homogeneous, isotropic, and of zero conductivity. In all

cases of interest here this medium may be considered to be free

space. The above-expression is for a time-periodic field of
frequency w(e-iidt time dependence) and 0 is the Green's function
0 = e ikr/r.

In actual applications the ex. At E and H fields- on the surface S

, are-generally not known so that it is necessary to approximate them.
Before making any approximations however, it should be noted that

the above surface integrals reduce to integrals over the surface of

the-scattering bodies only. To see this we consider scattering by a

surface S1. To find-the field at-an arbitrar -point P by applying
Equations (B.2-1)zand-(B.2-2) we-have to-enclose P in some region

V bounded by-S1 and-S2.

A
n-

FIG. B- 2.1 ILLUSTRATION OF VOLUME V
AND SURFACE S, AND S 2
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Then

Then (p) =fs, + ?(B. 2-3)

where the integrand is that given in Equation (B. 2-I). Since we are
interested only in the scattered field at P we-write the total field
as the sum of an incident and-a scattered field:

jTot " Inc +HSc*

Then Equation (B. 2-3) becomes

HInc(P) + Hsc(P) = (Inc + Sc). (B. 2-4)
S+ S2

if Sl is an imajinary surface--i. e. not a real scattering body--
then

HInc (P) -- Inc. (B. 2-5)

If in particular -there is no surface-S1 we get

HIn fs Inc l (B. Z-6)
S2

Hence, combining Equations (B. 2-5) and (B. 2-6) we get

f Inc = 0 (B. 2-7)

__ _ __ _B-3
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for a point P outside of 51. Hence Equation (B. 2-4) becomes

"115 (P) =.L (Sc)OSs (Sc). (B. 2-8)

If S2 is chosen to be a sphere with arbitrarily large radius R (about
the scattering body)-then, since-the scattered field falls off as
(conservation of energy), the integral over S2 approaches a constant
-(independent of the point P)-which can be shown to be zero if only
radiation fields are considered. This gives the final result

Asc(P) JSSI (Sc). (B. 2-9)

It is- from this result that-the effect of finite- conductivity in the

physical optics approximation will be obtained.

As mentioned before it is necessary to make some approximations
to the fields on the surface of the scatterer in order to apply Equation
(D. 2-9) since the exact surface fields are not known. The simplest
approximation is that used in physical optics as adapted to electro-
magnetic scattering problems by Spencer (Ref. 17) for perfect conductors
in which one-assumes that the fields on the surface (SI) may be computed
by geon-etric * tics (Ref. 15). This approximation leads to discontinui-
ties in Eand H-in Equation (B. 2-I), which necessitates some modification
of the theory since the integral in Equation (B. 2-1) yields a s qlution of

Maxwell's- equations provided (n x Hi, (i x 1 and (n- ý) (which
may be interpreted as fictitious currents and charges) satisfy a continuity
equation. Hence in order that the physical optics integral yield a
solution of Maxwell's equation it is necessary to add to the surface
integrals of B. 2-1 certain -line integrals along the discontinuities in-the
geometric optics approximation4Ref. 16, p.468). The integrands in
the line integrals are linear in-E-andH. In the case of perfect conductors

these additional terms vanish when Equation (B. 2-1) is used (but not for
Equation B. 2-2) because the additional line integral corresonds to
"magnetic charges" -to balance the "magnetic current"n x which is 0.

0- , B-4
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The justification for the assumption of the geometric optics field
on S1 in the case of a square plate of side length L may be stated
-roughly. When I * -c while X remains finite, the geometric optics
solution is exact; hence for I finite but I > >X and I > >d, the
perpendicular-distance from the plate to the point of observation,
one would quite reasonably expect the-geometric optics solution to
be a very good approximation for 4< <Io/Z, where 4 is distance from
the-center of the plate. Furthermore as d..O, the region of validity
will increase (but still be questionable near the edges). One then
hopes-that most of -he contribution to the integral comes from the
central region. As a matter of fact, the main contribution to the
integral for back scattering at-normal incidence does come from a
central region, this also being true bistatically (normal incidence)
for angles within the main lobe of the diffraction pattern, but for larger
angles, the edge contribution increases; hence for these larger angles,
the approximation becomes more doubtful.

Since the- discussion of the previous paragraph applies whether
or not the plate is a perfect conductor, the obvious- extension of the
physical optics approximation to non-perfectly conducting-materials
is to put the geometric optics fields into the right-hand side of
Equation (B. 2-9) and, to add in the appropriate line integrals. It
will -suffice here to state the result obtained by this procedure. As-in
the case of-perfectly conducting trihedral and dihedral corner
reflectors, the scattered field in the geometric optics approximation
consists of a number of beams of radiation which may be thought of
as caused-by reflections from perfectly conducting plates, normal-to
and of the same cross-sectional shape as the respective beams. Dif-
fraction from each of these plates may then be handled by Equation
(B. 2-9) (or in the more explicit form of Equation B. 2-9 for flat plates
given by Equation A. 1-1).

The approximate- resulting field is obtained by adding the fields
diffracted by the individual equivalent flat plates. The-situation differs
from -the perfectly conducting case in that the geometric optics field
incident on each equivalent flat plate is a function of the reflection

B-5 5
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coefficients at the reflecting surfaces. Since these coefficients are

not unity for finite conductivity but are functions othe aigles of
incidence of the rays and of the orientation of the Eand H vectors

with respect to the planes -of incidence, the incident .ields differ

-in phase and amplitude- for each equivalent plate. In contrast, -for

the infinite conductivity case, the incident fields -are- all the same.

There are -sor.:e interesting aspects associated with corners of

finite conductivity. For-infinitely conducting dihedrals and trihedrals

-the walls of which are at right angles, the geometric optics solution
-is the exact solution when the dimensions of the walls are infinite,

whereas this is-not generally true for finite conductivity. Consider

for example -the dihedral shown in Figure B. 2-2 where medium (1)

is air and (2) is some homogeneous material for which e,±, o are

finite.

/ ,~12/

FIG. B-2.2 DIHEDRAL OF FINITE
CONDUCTIVITY

The geometric optics-solution within medium (2) (the transmitted

beams) will be discontinuous along four rays through 0, and is there-

fore-not a solution to Maxwell's equations in this region, even for

I1= 1z = w . Hence one cannot conclude that the geometrical optics

solution in region (1) is the exact solution in that region, in spite-of

-___B-6 -
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the fact that it is a solution of Maxwell's equations in region (1) and,
with the geometric optics solution in region (2), satisfies the
boundary conditions across the dihedral surfaces. As far as we
know, the exact solution for this problem has not been obtained.
In the corresponding trihedral problem,- the geometric optics
solution -is not -a -solution of Maxwell's equations in- either region (1)
or (2). (It- is-shown in Appendix B. 4-that the geometric optics
fields associated with the triply reflected rays are different for rays
strihing-the three-walls in different orders, leading to discontinuities
in-the field in-region 1.-) Incidentally, such -difficulties do not disappear
for perfectly-conducting corner reflectors when the angles-between
walls are note 90 degrees; the- geometric- optics field is again
-discontinuous.

B. 3 DIHEDRAL REFLECTORS

Consider the dihedral formed by two planes intersecting at right
angles as shown in Figure B. 3-1. The shaded areas, regions (1) and
(2), represent- homogeneous media separated by a boundary BZ. The
region (0)-is taken to be free-space. The direction of incident
radiation (a plane wave)-is indicated-by the wave vector k lying in the
xl-x2 plane (the plane of incidence). Assuming that reflections from
either plane obey -the laws of reflection from a plane interface
bounding two infinite- media, we- seek the fields -ssociated with-the
rays traveling in the direction .ý---(the geometric optics approxima-
tion). In terms of these fields, the physical-optics approximation is
then obtained.

'Except, in the dihedral, for angles of 90 0 /n, n--, 2,3, .... (Ref. 10).
?Boundary B is assumed to-be such that no energy is reflected

-(geometrically) from-it back into the region xl> 0, x2 > 0. Also, the
restriction that regions (1) and-(2) be homogeneous may be weakened
-(e. g.-, Example 2, B. 3). The essential restriction which we assume
is such that the- exact geometrical- optics solution in the-region (0) be

characterized by a pair of reflection coefficients at each-plane.

A -B-7
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FIG. B-331 DIHEDRAL WITH SIDES OF
DIFFERENT MATERIALS

The property that makes this problem simple is the following: if
the incident wave is polarized perpendicular to the plane-of incidence

A A0 =A -A(the incident electric vector, 1i, parallel to Xi x .2 a,, where xl and
ý 2 are-unit vectors as shown), then the electric vector will be parallel
to A1 after- each- reflection; similarly, for "parallel" polarization of the
incident wave (the incident magnetic field, fi, paraAlel to al) the mag-

netic vector will always be parallel to a,. Letting 0 , *_0, jrr, -r

be the amplitudes of the incident and doubly reflected fields respectively,
it follows that

r () r. 01 l) for perpendicular polarization,

(B.3 -1)
H: r =,,W(1 ),, 2 ( p _i) g f r parallel polarization,

B-8
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where p_( , Pt, are the reflection coefficients' for wall j. Whe:. the
regions (1) and (2) are homogeneous (Ref. 16 pp. 493, 494).

V jkcos e+0 -V/2 1-kzsin2 B

,,J (0) = K 2og cos- 8- ýt kVA 2 _k2- sin2

-2I cos 0+ j k r -k 7 sin2  0

0- 12 co k(B.3-2)

2 2 2 j + i(j c ,

where 1Lj= magnetic-permeability of medium j

= dielectric constant of medium j

c. = conductivity of medium j-

k=-•-- =Io_

- = angle of incidence measured from the normal.

'The reflection coefficients are defined in terms-of single plane
reflections as follows. When the incident wave is polarized with the
electric vector perpendicular to the plane of incidence, the reflected
electric vector, "tr is parallel-to the incident-electric vectoILA
that nr is a-scalar timesli -this scalar quantity being p-:
for perpendicjlr lpoljrzation. Similarly, the reflection coefficient p,-
is defined byfl = p,' H{ for parallel polarization of the -electric vector.

-j B-9
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It should be noted that planes perpendicular to k are planes of constant
phase for all doubly reflected rays. Further, the reflected amplitudes
are the same for all rays, so that this assumption of "ray tracing" leads
to a reflected plane wave for each polarization.

For- arbitrary polarization, we may write-

E =a E 0 a E- , (B. 3-3)
01 OZ__

where
A4-A- -k- X xA k ( _334)

Ya i 3 1' 3=

It follows that after two -reflections

4r A - A (335E• r _ E a, - R,, E02 a (. 3EQ2 )a
012

where

( l) ,( "• - _ (B. 3-6)_

4r -u0 A- A
Note-that E3 is not parallel-to-E except when-E =E a or-E -a , this
being true even in the limit of -infinite -conductivity wXere R•= R., = 1.
Furthermore, the -reflected wave will be elliptically -polarized -in
general.

The physical optics cross-section (for- back scattering)- is given, in
accordance with the discussion-of Section :B. 2, by

4=-A Er
_ _ 2

B-10 0
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where A is the area perpendicular to k occupied by all the doubly
reflected rays. 1

k

FIG. B-3.2 DIHEDRAL GEOMETRY

Clearly

Er 2 - I R_._ E 0 1
2 + IJR,, E0 2?
2 E012 2 (B.3-7)

+E2

The -reflection coefficients -R., R,, have been given- in -the literature
as a function of 0 for walls -of various materials (Ref. 2, Interim-Report
No. 3).

'Explicitly, A=Zh L cos 0 (Fig. B.3-2), where L-is-the length

perpendicular -to the paper and h -<h' tan *.

B-11
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The following examples, which were not found in the literature, are
of interest in the specific problems with which this contract is concerned.
The results of Example -I were used-in obtaining Polar Diagrams 50-57 -of
Section II.

Example 1: Two Dielectric Walls -with the Same Dielectric Constant.

We consider non-magnetic- materials so that ýL2 - the mag-
-netic permeability of fee space. Since the two waIs are ta en to be of
the same materials, K1 --K2- K2 ; writing n2 = 972/ k2-, Equation (B. 3-2)
becomes

cos 0- Vn-sineO

SCos 0+ +_Cn - sin 0

2 2n sn

2

n cos-0 + Vn-sine

If- the material-is taken to be a perfect, losslesf-dielectric, n is
real and equal to the ratio, 8', of the dielectric constant to that -of free
space. The products

and

R,, (0 --p140) p,, 0)_

have been plotted as functions of ffor 6' 2,4, 6,8 (Figs. B. 3-3 and
B.3-4). Note that R,, (%) always has two zeroes (at the Brewster angles,

0b = tan - -' , and - ).

B-1Z
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SIN DEGREES

FIG. B-3.3- REFLECTION~ COEFFICIENT* -FOR- TWO -PERPENDICULAR DIELECTRIC
WALLS-OF THE-SAME DIELECTRI -C CONSTANT (CF. EX. 1)

-PARALLEL POLARIZAT.ION

_________________ B~1-13 _ _ _ _ _ _ _ _ _ _



UNIVERSITY 0-F MICH-IGA-N
2255-12-T

.501-

.40 --- -- -- - - -- --

.0 1 04

* IN EGREE

FI.203RFETO-OFFCET O W EPEDCLRDEETIWALL OFTHESAMEOIEECTIC CNSTNT CF.EX.=1

FIG.-8-.4 EFLE PERP-CENDICULARS POLRIZTIONPREDCLA DEET

_________________ -B-14 _ _ _ _ _ _ _ _ _



UNIVERSITY OF MICHIGAN

2255-12-T

It is of interest to determine how R,, ($) behaves at the Brewster
angles -when the dielectric is not lossless, in which case, n2 is a complex
number. Writing

2
-n = a1 + i1

we shall compute-R,, (0b) assuming ( a1/ al)2 < <1 and a1 is roughly
between 2 and -10. Putting

Vn2-sin2e - a2 + i P32 2

it is easy to -show that
r:

(al + 1 ) cosO -(a +P) + z2i cos0 (p1 a-p a )
21- 1 2 2 2 2

Also

sin e 132
a = + + 1

L2 (a - sin 2)

1

B (a1 -sin2 0) 2

SI - 'B-15
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Now sin Ob = al/(a1 + 1) so that al - sinf2 b =al 2(oa' + 1). Hence

2 + 21

( Z I sn b) cti a,

Under our assumptions then,

a. -- _/'i-sinO

2 24caLI -sin9

I _At 0 = p.2

2 7+ 2 2a,

Using these-approximations we obtain

P11

In the notation of Section B. 5, ai= el, thc. real-part of the dielectric a,
corstant relative -to vacuum and - Pl/al tan 6, -the loss tangent. Hence

jR,()1 ... {(: 1) ta n- }6 1  -
9

In this approximation, p 1  - Qb)-may be computed assuming no losses.

_ _ _ _ _-B-16
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Example -2. A Dielectric Wall of Finite Dimensions on a Perfectly
Conducting Plane of Infinite Extent

As discussed in Section B. 3, the "physical optics" cross-section is
given -by

T 4=- A 2  Er 2

" where •r is the geometric optics field propagating in the -kdirection.

It is interesting to note that :,ince the exact solution to the electromag-
netic problem of Figure B. 3-5 -is the same as that for the image problem
(in the upper half space) as shown in Figure B. 3-6, we see that-the
geometric optics solution-is the exact solution to the problem in which h
and-deoth L-4o. To compute-Er from Equation (B. 3-1), we have p4_ ()
-1, p (21 = 1, and p,,(l) and P l) are given by the-well-known expressions
-(Ref. 21) for reflection from an infinite plane slab of finite thickness' ;
namely,

(r.) (l - FZ)
.p (B3-8)

1 - Fz2 (r)2

where

-iq
F =e

, 7r-a 2
q = _ sin29,

'This will be oa good approximation for the finite slab provided
h> >a tan 9.

B-17
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FIG. B-3.5 A DIELECTRIC WALL OF

FINITE DIMENSIONS ON A PERFECTLY

CONDUCTING PLANE

OF INFINITE EXTENT

2h, 2a

FIG. B-3.6 THE IMAGE PROBLEM-

and rh and-r,, are the special values of p, and p,, given by Equation
(B.3-2) for a homogeneous medium. K is the propagation constant,

V L C + iwI.c, for the slab.

Hence for the incident electric field, E a, Eoi + az EO?, the physical

optics cross -section is

( I6r hZLzcosZO R (B. 3-9)

-B-18
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where

2 2 2 2
R I E0 ,1 l I,,I

E 0 1 -(B . 01 ) _

When the-material of the slab is-a perfect -lossless -dielectric
(c = 0, -• - =- -go) and the incident wave is linearly polarized
(Eoi =Ei),

2 2 2- 2 2
Ssin 2q r E01 E r,, E 1

RJ [+~.2) 01 Z - Zzq
012- (1- 2 + 4r2 sin2 2q (l-r,,)+-4 r,, sinZq

(B.-3-1 1)-

Wemight point out -that -Equations (B. 3-9) with (B. 3-11) show that
a- forlu 0 = -§ E0 is always- greater than a- forl-0 = Aa E0.

B. 4 TRIHEDRAL REFLECTORS

We shall trace triply reflected -rays under the same assumptions as
to the reflections from each plane that were made in the-case of the
dihedral. Referring to Figure B. 4-1, k (i=l, Z, 3) are unit vectors
perpendicular respectively to the three reflecting-surfaces (i), each
characterized by the-constants E, •ii, c. We -take the -incident propa-
gation vector to be

4.-A A"k- klkx +k-x +-k (B. 4-1)
2 2 3 3

_______________B-19-



UNIVERSITY OF MICHIGAN __

2Z55-1Z-T

AA

a2
3 T

Sa3- ---

A
X2

(3)-

xl

FIG. B-4.1 DEFINITION OF VECTORS APPEARING
IN THE TRIHEDRAL PROBLEM

Since at any single reflection, -the--propagation vector changes only by
reversal in sign of the component normal to the reflecting plane, -it
follows simply that the propagation vector after three reflections
(taken in any order) is -t. Further, the angle of incidence made with
any plane (j) is independent of the order of the reflections (e. g. if -01
is the angle of incidence made with plane (1), -then for the rays striking
this plane first, cos l -- kl/k; since for rays striking plane (2) or (3)
or both, before striking(1) the ý1 component-of the propagation vectors
-is not changed before striking (1), Ql will be-the same.for all rays).
This-enables us to define a single pair of reflection coefficients for each
wall. We write

~~()M i = 1 i-l2, 3. (.4?

B-20
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The.,complexity in this problem lies in the facts that if the incident
(or H) is parallel to the first reflecting plane, it will not be parallel

to the succeeding planes, and the magnitudes of the two components of
(or 9) will be changed by different amounts on any single reflection.

The triply reflected fields are generally different for the six-different
rays given-by the-perniuatations, (123), (132), of i, j, k, where-(ijk)-de-
notes the ray striking planes (i), (j) and (k)- in that order). The work is
simplified conside-ably-by the fact (to be shown) that the scattering
matrix for ray-(kji) is simply the transpose of that for (ijk).

These geometric- optics results are then used to-compute the reflected
field in a physical optics- approximation. Equations (B. 4-65) and (B. 4-71)
give- (in this approximation) the electric field vector and the radar -cross-
section from three -mutually perpendicular -walls -of arbitrary shape in-
terms of the electrical properties of the walls, the -areas (perpendicular
to the incident direction of propagation) occupied by the different types
of geometrically reflected -rays, and -the incident propagation vector.
The formulas are evaluated explicitly for the special case where the
three walls are made- of the same- material and form a symmetrical-V
corner reflector. The incident -radiation is in the direction of symmetry,
ki -- kz = k3 . It is found -to the accuracy of the present theory, that
the back scattered-field is identically zero independent of polarization
when the -material is -a perfect dielectric with e'=8/3. This is -due, not
to losses -by transmission, but to interference between the six geomet-
rically reflected rays.

B. 4.1 Scattering Matrix for- a Single Plane Reflection

Considering the reflection from plane (1) -for the incident propagation
vector k, we have

J% -- + k3x 3  • (B.4-3)

'That-is, a corner reflector which is invariant -under -rotations of
integral multiples of 120 degrees about -the axis-r =l +

______________ B-21
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Since the incident electric field, E (r) is perpendicular to I, we may
write

E 6P) = eik-r (E 01 A 1 + E0z 02 )'A (B. 4-4)
A

where the basis formed by -the ai is defined by

a-XA I=a 2 a, 3t _(B. 4 5)

1 and _aZ are- perpendicular and parallel, .spectiveiy, to the plane-of
incidence). If -the electric -field-in the reflt ted -ray is written

-)P rr) iktr (,r A 4-r)
- E r-=-e IE a I+ E

where ft'E -0 , then

E r • = E1 1 01

Further, ifiE 01 = 0, the reflected -would be, omitting-the phase factor,

*r' -A 40A
Hi = H a1 = H a(for incident magnetic field H'0 = H0 1 -a,). But

from Maxwell's equations

r A Ir' v0 H01 A A A-
= __we k-H = -x al, (k'=k'/k);

where 4 is -for free space.

'The time factor, e has been deleted.

__ _ _, __ _ _ _ _B-22
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Similarly,

E H 01 k
02 iwe

Thus

Writing

AA A
X_ ak a. 2 + a3 a 3,

we have
4r-* ik~r A ---
-a(r)-= e A-11E 0 1 1a + 41 a2 E02 a2 + q1 a 3 E 02 3 )" (B.4-6)

-By direct computation

2 2
A A A~f A 1 1a2 :a l-ax , . a 3  k1 k2

"3 3 : " 1- 2 '=2'"• ="zk1 P 1 /kZ,

where

2 2 2p k --k ( B. 4-7)

1B-23
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4r -ik" '. r • -• ~

The amplitudes, E = e r and E = e r (r), maybe
related by an operator S:

= E . (B.4-8)

The representation, Sa, of S in the a basis, is seen from Equation
(B.4-6)-to be the -matrix

0 A1

S(a) = 0 f a B (B.4-9)

0 ~ a -C

where A, B, and C are arbitrary. In other -words, Equation-(B. 4- 6)
may be written

a
E1 0 A E01

a
E rB- E0  (B. 4-10)

2 0

a

a
rA

where E.i are the components-of E -in the a basis.

'This arbitrariness follows from the -fact that " 0 3 E 0.

-3
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A
The representation in the x-basis of S, S(x), is obtained from

the relation

S(x) _ U-I S(a) U (B.4-11)

where U is the matrix whose elements are given by

(B.4-12)

The inverse- of U, U 1, is the transpose of U; that is

-1-

-(U -1 U.. ) (B. 4-13)

Writing Equation (B. 4--5) in the form
S_ (j ^ _ k2•3)

A A-1 " 2' Akx

- (P x -klk k - _(B. 4-14)

3 7k

we-see that
0 k3/fi -kz/Pi

U _- 1 /k -klkZ/kPk 1  -kIk3/k3 (B. 4-15)

-k 1  /k -k 3 /-

B-25U
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Choosing A = B = C =- 0 and carrying out the multiplications indicated
in-Equation (B.4-11), we find- that

p 1  kk 2 klk 3
)k z! k z l ki t

z ft
k- k k

M "e -- 2 - kk3( 1

k k k k k

1-21 - - _WQ7 + 1 Z (,kk k1

(B.4-16)

An- important property of this matrix is the following.
-if

k- Et-' = k -k -k (.-7rev 11 22 3 3 (.-

then

o 4st di rev S -(k) -(B. 4-18)

w (x)- is the s -of- S(x)

where_ _S -=hat-i

S(k rev .. ij s. (k)_ 
.i4.i

krev is the incident propagation -vector for the ray -traveling -in -the
opposite direction. Hence from this.,Equation B. -18, and- the- fact -that

* * ____ ___-B-26-
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for any two matrices A and B,

AB = B A,

it follows that the scattering matrix for a ray undergoing a series of

plane reflections is simply the transpose of-that for the ray traversing

the path in the reverse direction.

A

krev

B. 4-2-Scattering Matrices-for Triply Reflected -Rays

We-consider first the ray- (12 3 ) as shown in Figure (B.4-2). If we

denote the scattering matrices (x-representation) -for the (1), (2) and

(3) planes by S-(x), S2(x) and§S 3 (X), respectively, then- the matrix

P(x)(123) connecting-the triply- reflected ray with the incident -ray- will

be given -by

J(x)(x) s ,x) S(xx) (B.4-19)-
(123) 13 2

The Si(x) maybe determined from (B. 4-16)- as follows. Writing-(B. 4-16)-

symbolically -as

-s(X) F(k , -k2 , k 3 , pl)

V I

SB 27,

-iraS C!a ..... ME_
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A Ax3 x3
x3' 3ý (1)

(2)
A

-A A,
xxX

13)

FIG. B-4.2 RAY (123) IN THE X & X' COORDINATE
SYSTEMS

p, representing the- pair of reflection coefficients q 1" 1, We have

S1 = F(k1 , k2 , k3 , p1), (B.4-20)

The -ray reflected from (1) -and- incident on (2) has the wave vector

_A' 1� -k 1 + 2 k2 + 3 k3" In-terms-of the coordinate system

A .3. , = AA A tlX1 2 Z , 3 x '-e-aek '+kIx21

A AAA

(x- is normal-to surface- (Z).)- -In- the x-' basis, -then,

(X') = Flk 1 k 3s P . (B.4-Z1)

S_,B-28
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sx) is given by

sX) = U,-1  (x') U' (B.4-ZZ)

where

0! A 1 0

U. • ^ -1 0- 0(B.4-23)

If (B.-4-21) is S(x -- then

Sz - S'I -=S'I- 22 21 23

= -WSt 1'l2 St 13 (B. 4-24)

St32 St31 S 33

Similarly, for the scattering from-surface (3) we introduce the basis
A,, l -- " vector -incident on (3) is

x1 - 3 , x " - * T h

A A - Al ,i ,Alik-=-k x1 -k x +-k"x =_k X - k i +-k x Hence
1 2 2 3-3 3 1 2 2 :1 3

s(x") = F(k _k k -(B.4-25)
S3 3' k2 , kP 3).

Further

S( U"l (B. 4-26)

_7 B-29
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where

U':. ': o0 1 0-11 (B. 4-27)1 i 
-x1 0 0

If-3 sX {S , (B.4-26) gives
It

S33 - S"32 -S"31

Mx) "- s" S"S3 23 22 21 (B.-4-28)

13 12 S11

By means of Equations (B3.4-16, 21, 24, 25, 28), we obtain
explicit expressions -for the Si(x): S() is given-by (B.4-16),

A _ ((k5k klk? k

3k 2k42 [ 1 3kzkP2  2k 2 )z

k k kZk k k
5 (xM 12 2- 2 3 t

2 k 2-k 2k

kkZ _k22_-72, + 4
•2

(B. 4-29)

B-30
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and

t2 I2 kk 1 kIk 3_2 13721
( -• 3 t3B

Sk3
M I k (k 3)- k33

k- 23 k 3 It

3- 3-

It It33_4I k k3 V 3 / k3_L3

k2-k 2 Ak

(B. 4-30)

Here

2 2 2
i. = k _ k. . (B.4-31)

The final scattering matrix in-the a-basis is given-by

a(1Z3) = US(W S(X) S(X) U- 1  -(B.4-32)
3 2 1

where U is defined in- Equation (B. 4-15). The result obtained is-

A A -Iz 0

(a)
(1I23) A 2 1  A2 2  0 (B. 4-33)

0 o o0 1

-• B-31
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where (k k Ik3) 2 13 -(k k 2 k3)9 2
4  3 +(k klk2) 2  2 43 +(k 1k2k3 2 2 n3

(kl (•3) 42 l3 'pz3+(3kk 3 %2

(B. 4-34)

2 2 2
k klk2 k 3 -kk2'"3 -k AZ 3 + 3 4 k+-2.3)

A-21

1- " 3 -zp3 -) Z 3

12 kkk3 •-k 2'12 3  2 2 k 17k2 9

A 12 1 3 2 372 J73+ k1 2 3Z2' 2A 2 = 1
1223

-(k k k31 272 3 + (k k2 k3 )2n.173 -(k klk 2 )2 2'73 -(kik2 k3 l) 2 3
A22 2

1% 2 3)

Note that

A (2,1 ) -A 12 (7,4)

-21 (1'n) -A

An immediate-check on (B.4-33) is that the triply reflected electric
field be perpendicular to -it; this is obviously satisfied. Another is
that in- the limit- of infinite conduc Livity, -the final- E -should- be -the- same
as the -incident. Now 4.- +1

-as c - (B. 4-35)
77 

fSi÷ B3
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Clearly A,? = A2 1 = 0-in this limit. Computing All andA 2 2 in

this.case does lead to the Al 1  A2? 1.

A Ai-

x X A
3.- 1 a

A<03ala

(2 ),(3'1 A2- ( 1) 2 '1
a 2

-XII X2

FIG. B-4.3 DEFINITIONS OF VARIOUS
COORDINATE SYSTEMS

The matrice j(a)(312) and J(a)(231) (cyclic permutations) may be

obtained- fromjL (123) by fairly simple operations. For example,

consider the ray (312). In terms of the x' coordinates defined in Figure

B-4. 3, it is denoted-by -(l1'2 '3'). Defining

-a a a . , a 3 (B.4-36)

1 A 2 3'l a k

it -is eviddnt -that

2,p-(-)312 =(a') (lZ 3I)= A (k1, k1, k•, p1•, p2', pl

-_ _ , _B-33
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where we have defined

=(a)(123) A (k1, k2 , k3 , pl' P2 , P3 ). (B.4-37)

Hence

el(al)(3 12 ) = A:(ky3 k V k2 , P33 p3, Pd. (B.4-38)

If the elements of V are defined by

V -A -•, (B. 4-39)

then

(31) Vl (a3)(z) v. (B. 4-40)

From (B.4-36)

1- A A 2 A
a1 2 - 1kx kl~2); a j - A3-k3klx1 - szz+ P3 5'• -•ak= (Ax-2 k- -a1 - 3 k 2 2 3x 3 );a a 3

(B. 4-41)

V may now be -computed, yielding
klk kkP 43 2P-
-Plp3_ plp3 -

kk kik
V = p-p 1 p 0 (B.4-4Z)

0 0o
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Carrying cut the operations indicated in (B. 4-40) and using (B. 4-33) and
(B. 4-37), the result-obtained is

B 0112
(a) -B- B- 0J (31Z) -21 22 (B.4-43)

0 -0 0-

where

"I- ( [ (3) 2 2 (k1 kAZ n2 -[(k k2)2 3 -- (ki k 3 )2173]}

kk k1 k 2k 3
B3 +~ n3 [(k _k 123 / -f 2 (k-k3 )'_ 221 Z )-2 1 1 3 l -k 2) 2

+17 (+-r'2) - (k k,)' 43 --(kl- kj 3)21]~(.-

B-35
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The analogous procedure for ray (231) yields

Al -A1 0
A11 -A12 0

(a)( 2 3 1) -A 2 1  A 2 0 (B. 4-45)

0 0 0

The three- rays -obtained from (123) by non-cyclic -permutations are
obtained by means of the-result obtained at the end of Section B.4.-6.

Namely:

j(a)(ijk.) , (a) (kji1) (B. 4-4 6)

B.A.3 Comparison of the Various Rays

First let us summarize the results:

-A 11 A 1 2 A 1 -A B2- B 1 B l

(123)- (231)--- (312)1- --

A 2 1  A 22 -A 1 A22-, B21 B2

A 1 A 31 A I 21 3 -A 11 21

AZ1 A A2?~ 12- 22(A3 B1,2 B22 H

12 223222

Here we have omitted the third row and column, and have abbreviated

S(a)(ijk) by (ijk).

Figure B.4-4 is for reference:

_____ ____ ____ ___-B-36
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A
x1

(2)

A
_(3) 02

-A
x3

k
(1)

A/
2 -A

al

FIG. B-4.4 REFERENCE FIGURE

Consider the six differences between the four rays which- strike (2)
and (3)-in- succession:

0 A 12 + A 1

(123) -- (132) (321) -(231) =

A I + A2 1  0

o0 2A 12

(123) -(Z31)1= (321) -(132) =-

ZA 0
21r

- ' -- B - 3 7

•, ____ .E -. r N,•7,
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(123) -(321) =-(132) -(231) =

also the-difference

0 Bz -B
121Z

(312) -(213)-

(B. 4-47)

Now

1kk k k [

+ ~~44 _4(~ ~~ 3)-k 23 n~~ 31! (B. -48)

Bz :821 -k kk 3  f 2 +i 72)[k'k(' '71 74 g-73)-+kZk (%2 "")

It can be seen that in general no two of the fields of the six differenttypes of rays will be the same. We now proceed-to investigate somespecial- cases wherein the number of -different reflected fields is reduced.

B-38
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It might be expected intuitively that (123) = (132) in the special case
P= P3, k2 = k3 and E-0 -E02 A2 . Letting '= (kk 1 k2 k3 )/(Pl P2P3)?, we
have

A1 2±A1  -rk~ f 2±n" (4 ±Z + 4 n~ [~±-? (4 ±)1}
-(B. 4-50)

when

42 3 = • 72 3

If in addition, k2 = 3- k',

AI +Al =-k' 2  ± 2 (B. 4-51)

Thus, for finite conductivity, the fields -are -not the same even in this
special case:

A E -A E -12 02~ 12 02
- AL

E(123) = , E(132) a , fOrE =a 2 E02

A E A E_22 -02 22 02

(B. 4-5Z)

This -may-be made plausible- by the foilowing discussion. The reason for
the intuitive feeling that-they be the-same is the- picture containing the
corner, the k-vector and -the E 0 -vector is invariant under reflection in
the plane containing -Xi and x2 + a However, the H0 -vector reverses
direction under such-a reflection, causing a change in the physical situa-
tion. -Note that-when cl = 0, P2 = P3 -and k2 = k 3 , (123) = (1-32), (321) =
(Z31), the number -of different rays-reduces from-six to four. Referring
to the Equations (B. 4-33)-and (B. 4-45)-(the expressions for Aij and-Bij),

B-39
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we see that,

A A = B =B 0 whenc =c3 for arbitrary~o and

12 21 12 2 1 2 = 3 =
(B. 4-53)

- 11
A1 r11 2~ _k~k) lit k2 1,1

A1 1-P -~-k-32 +-(k -37 + (....,k, - -iS k 3)1 j

A [kkklk 3)2 + (kkzk 3)Z + (kkl k2 )- - (kl kzk 3)2]

Bi\ [L(kk3)Z + (k-1 Lk)Z] [(kk2)7 + (kl-k3)2] and

\1 P2 3)

22 (~ 2 )2 [kk3)2 + (kr k2 )Zjl rFkk2 )Z- + (kl k3 )]

= , 2 -'" 2 L:

which reduce to

A B -- TIY and =B = 4I (B.-4-54)
A11 B11 22 BZZ

when c c 3 = - , for arbitraryk.

Thus-we may-conclude that when any two of the Walls-are perfectly re-
flecting, the fields -on- all six triply reflected rays are the same; -the
triple reflection-is equivalent-(when- c = €3- = -)-to a-single reflection

fromthe (I) plane if the-incident wave has -the wave vector -1' = kill-k x -kto = -E01- -l+E0? tZ, ssoni
-k2 x2 -k 3ý3 , @Lnd electric vector - 0  , as -shown in

Figure B. 4-5. Note that as the conductivity-of (1) goes to infinity, A 1 1

B11-. 1 and-A2 2  B 2 2 - -+ -1 so that the-scattering matrices approach

the identity- matrix, as expected.

__B-40_-



-UNIVES-ITYOF MIH-'GA

2255 1-2-

AI

A a~~2, E2 - j Eý

AR PEFETL CODCTN

A.. PAsclOtc il n aa rs-eto
WeA haese httegoercotc ouincnit fsxams

of raitoecXhrceie ytesm rpgto etr k-bt

eachhavng dffeent iel vetors (E, H1 , i 1, 2 *., 6A docuy

where Phystdisa-Otics frold theRda obs rvton pociont ote o r

We haese-htBh emticotc outo-cnitso i em
-o aitin ah hrcerzd -h

-by -smrpaain-eco. bt

eahhvn-ifrn i-dv cos-(i f) i- ý 1,___________ 2, 1-- _______p



UNIVERSITY OF MICHIGAN
2Z55-1Z--T

Defining

6
f Eiai, (B. 4-56)ail

where
6

a = -ai (B. 4-57)

(a is-the total area for triply reflected -radiation), we-have=

ikeikR -58)tE(R) - ieR- -a&" (B. 4-58)

Let-the-numbers i 1, 2, • .. , 6 correspond to the rays (ijk) as:

(123)-i (231) -- 3 (312)--- 5

(321)-Z (132)--4 (21-3)-- 6

and let

kk =k
A AkkA i= 1, 2,3,4B ia--- 5, 6, andk 1,Z,

AI =Akfl A2 =Alk ,A 3  -AklAA 4  -Alk aAs 5

A6  Blk, ' /-k. (B.4-59)

(The Akl and Bkl are defined in Equations (B. 4-34) and (B. 4-45)), Then

E 0 E A0 a i +E 02  i a a

a 6 6
E01 A -a, + Ei) >'A a.
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or

Cl C2 E
IZ 01

(B. 4-60)

221 C02 E02

where
6-

Sk1-k az A; a. 1 (B.4-61)

Note that

4Z 4 k-1- 0, k/1r (B. 4-62)
11

Also, the areas for any two rays, (ijk) and its reverse -(kji), are obviously

equal, so that

a, = a., a3 = a4 , a5 = a6  -(B.4-63)

Using-(B.4-59) and-(B.4-63), it-follows that

C C 21 (B. 4-64)

The physical significance -of Equation (B. 4-64) (wiich-is in agreement
with the -general reciprocity relationships- associated with Maxwell's
equations) is -the following. If the incident field were Eo =- a-, then

a2  C21 whereas, if the incident-field were az, then a = C12 .

The Cij may-be written:

I _,_ _ _B-43
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(1 [(a + a Al +a5Bil
11 a _ 1- 3) 11 511

C FI r / +/ a(I 'IB2)C 1 2 a- [a I - a3) (A1 2 +2) +a 5  lZl + B 21 ) 1

[C - a 1 +a A +aB B (B. 4-65)zza L' 3) 2 2 5 2 2 ]

When

kit - Akkc l -- = - c o,• A. - 0i, k/ I, Ik= ' Then ej

-reduces to /1 0

The- cross-section, a, is given by:

Az' 
(B. 4-66)-

where we have assumed jEo =1. Clearly

S j=C 1 1 E 0 1 +C1_2 E 0 2 J 2 ÷jC'Zl E 0 1 C22 _E0 2

D11 2 +D21E _ +D E- +D E
DIE01]+D2E02 D12 01 0z 21 01 02

(B. 4-67)
where

-I 1C~l1-12 +IC21-12 _ DZ j Z1 (if+fIC22!f

D =C C +C C2' -D2I (B. 4-68)
12 11 12 12 2 -1
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Example--Symmetric Corner Reflector; k Along Axis of Symmetry

Assume k to be along the axis of symmetry, + 3+ • For -this
situation, a, a 3 = a 5 . (An example is the "square" corner reflector
-pictured in Figure- B-4.-6.)

(2)

L

A L-

L )

FIG. B-4.6 SYMMETRIC SQUARE

CORNER -REFLECTOR, " ALONG
SYMMETRY AXIS

Equation (B. 4-6 1) now-becomes

61 ¶ kl
C 7A

ki 6 .. ii--1

or

C11 =- (IA-1 + B1 1 ). CZ_ (ZAZ 2 +B

C 1 2  -(BI2 + B 2 )= C 2 1

B-45__________ 
_
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2 ZUsing the facts that k1 = k2 = k3 = -k/14 3, 3i = 2k /3 and writing 17i
n, •= 4, i = 1, 2, 31, Equations (B.4-34) and (B3.4-44)yield

11 = , +2, -8 3

A 3- (_1 2 + 4
22 8-\3 12

A =I + )

A •=3 4÷ + )

112 28 (4

B = - (34- + 15n'2- 3177 t +11 16~

-B3 =-(31 + 15411 34 Zn+ 3) , and

B 
9

Hence,

-C =1 C = 0. (B. 4-69)

Furthermore,

.Al+ B- _3 + 91 2A + 942 _- 3) _ZA 2 A + A
T6_ 22- 111

1171 =z 113 and- I1 = 2 t3 since not only are the reflecting

surfaces the same- but the angles of incidence, Pj cos- ('ki/k), are
also the- same.

B-46
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giving

C 11 -- C22 = 16Qn + 9n, 2 9 4 -,7- C. (B. 4-70)

-Hence in-this-example, the reflected,-fiCa- y - p rallel.to the
incident field independent of -the initial polarization, and the cross-section
is- given by:

X2 -a C I (B.4-71)

which is also independent of initial polarization. Note that for perfect
-conductivity- ( = -1, -- 1), C - L, as-it should.

Assuming the -expressions (B-3. 2) for the reflection coefficients,
-we have

1- -'• Nr - - ,,43Y - 2
1 + ,J3Y - 2 4'+ .13Y' - B-

where we have used the -fact that-cos Pi Nf"3/3 , -and

2K.
v -n=- -- - (B. 4-73)

kz 0 C 0 •0 C0

For a perfect, lossless dielectric, Y is real and equal to •/E 0; (in this
case ýL = i0 and c 0). Writing (B.4-70) as

( , ( 17 " + 1 0 71 4 -+ -t

we see that-C = O0when

which in turn occurs- for n2 =/E 0  8.13, as may be verified through

B-47

I ' r• 1 B , t a- . . .. . .. ..... .. . . . . . .. . .. .



U-N IV EýRS I TY ýOF MIPCHA1 GAN-
2255-12-T

-Equation (B. 4-72). The-other roots of C 0 -Owillfijot be o6btained from
(BT *4-72)- for-n2 real and- >,I. Jný other words, -.phys ical, optics -predicts
the -back- scattered- field from~a symmetric corner to~bel'dentically zero,
-independent of incident', polarization -arid 'wa~velength',. for -symmetric in-
-cidence-when-the reflecting-rha.terial ;i§ a,-p~r-fect idielectric- -with-,E£-
-8/3, -provicdz~-we~a~sus .herfecincefiint .be 'given by
-EqUation i(B. 3-;2)-; -Ohdsointetaihs -zr-euti du essen-
tially to-the 'interference 'betwveen- the -six ~reflectec~fields rather-than any
-phenomenon-associated. With ýejch -wall.

'In -any-reaksituation; th e! finite: thicknes s ,,'of! the--walil zmust- be
considered'as -in Figiui;- .B A- 7'which irepresents ia- symmetric -square

41-FG :B 7 sYMMETRICC SQUARE
CORANER REFLECTOR 'WITH WALLS,

'OF:ý FItNITE ýTHICKNESS

J- Provided-of ~6dirse-.X<< dimensions- of -the ~corner.

-B-48
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corner reflector viewed along -the axis of symmetry. However, all
materials will-exhibit some absorption, causing the intensity to drop by
the fraction- -1/e in a distance 10 = I/P, where -K = a + iP . If I>> 0, then
the reflection coefficients will-be given to-a very good approximation by
those obtained-using Equation-(B. 3-Z) (which-assume .-- o) 1 .

We Would now like to determine -the order- of magnitude of I required
for the fulfillment- oi this -condition and the value of-C assuming the ma-
terialto be-a plastic, Lumarith No. 22361, for which nz 2.67(1 -2.56

10-2 i) 8/3-at a temperature of 240 C and 3 cm wavelength (Ref. 18).
Writing

n - cI - i" ý3n 2 = A':+iB' , -(B.4-74)

we find that Equation (B. 4-72) becomes:

1 -A2 -BZ- 2,B,

(I-+A') + B

-2 +E- A 2- B2- 2i1 f B'+6 +
1 __ i +A)+ (1 _B)2 (B.-4-75)

*i I From (B. 4-74),

At' = 1 [ l + A-i ZY 2 + 9a2 1/2

3 F - " + 9/ 2] (B. 4-76)

' 1The condition I >> 10 insures- that the fields of the -beams obtained by

reflections -from the rear walls-of the transmitted -beams will be small.
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We have 361 - 2 -6and L6 z-6.85 x 10o2; hence

A -1-- 36 -1- =2

3 ?2
B' ~-(B. 4- 77)2 ,4-3 -Lc 2

Thus B` 042. Letting 170 and 410 be the values of -n and '. when 62 = 0
and C- 8/3, writing ,7 ;0 + ,i' +-i, 4 - 40-+ 41' + i 4, and -assuming
C- 2 << we obtain

2BIZ 2B'

(I + A') 3  (1 + A') 2

2 AI+ 65B) I___ A____)

=__)_ A, -(--B_), -42(= *A')

Taking 6_ = 8/3: CZ (8/3)(2.56)(10-2), we find-that Ic12--i0-5.
Furthermore, o = I1/ImnK=X-/ir %/I/jI -1/tan6 , where tanb-z /26;
so° °ý 1/4 meter, for= 3 cm, -Hence if I is-taken -to be -1 meter, -we
would expect a cross-section for the trihedral corner made of this dielec-
tric material to be of the-order of 10-5 times that for the -perfect conduc-
ting trihedral reflector with the same geometry. We mention that in the
actual- physical situation, the diffraction-from sides-(4), (5)-, -and (6) should-
be checked-for the non-perfect conducting- case- since -the diffraction might
be of the same-order-as the trihedral contribution. Referring to Equations
(4-3)-and (4-4), -and noting that-orn/-a:-144 , we--see that cn/ca -- 108 for a
perfect conductor for which 1-1- meter, this being approximately true for
the dielectric. If L -I then Ia -10 8 (47ra 2 )/X -as compared to -the tri-
-hedral contribution 10-5 (47raZj 2 )-, which seems to show -that the diffrac-
tion effects due to sides (4), (5), and-(6) are -negligible.

-B- 50
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B. 5 X-BAND DATA ON LOSSY DIELECTRICS

Extensive tables of electrical properties of various materials which
were measured at the Massachusetts Institute of Technology Laboratory
for Insulation Research-are given in-Reference 18 in terms of the quanti-
ties 6 ' = 6'/60 "dielectric constant relative to vacuum" and tan6 -
the "dielectric -loss tangent"oor "dissipation factor." These are defined
as follows: Taking Lhe fields to-have-e'i1Pt time dependence, in Reference
18, Maxwell's equations-are- written as:-

OH x=6 OE
0 t

assuming the medium to be non-magnetic, -([±0 is-the free-space magnetic
permeability). Here, 60 a 6' - i6". From this it follows that

V2 H+Kg H -O, V E+ KE = 0,

where,

2 2 *06[ 2 61(1 - itand).~C=u •It

In terms of the quantities, e and-c, the-dielectric constant and conductivity
respectively, as defined in Stratton, (Ref. -16):

2 Z_K z , -10 a +1wi tc .

Writing 6=61 - i6, we-see that-6' = 61, 6"-- 62- c/u . The quantity
w6" is commonly referred-to as the "conductivity. " If k- = _ o 0 (k is
the-free- space propagation constant), then K/kz 61'(0 - itan6);". The re-
flection coefficients for-a -single- plane reflection- from a plane air-medium
interface may be written:

cos - - V'(F/k)Z - sin3 0

cos 0 + VA/k)2- j - Z

-(K/k)2 2cos 9 - j/(K/k)z . sin- 9

11 - (K/k)g cos g + V(K/k)Z - singO

- B-51
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NotethatifKZUA+iBa(a+ip)Z,(9 -:a+ip), then

a= i ý[Vl + tan + 1 ]1/z , (propagation constant)-,

11/17 + tanzb - 1 , (attenuation constant)

For tanZ6 << 1, ,r(F/X) I"• tan.

The values of E.'- and tan 6 given in Table B. 1 are taken from Refer-
ences -18 and 19, for X = 3 ca -. When numbers are followed by values
in parentheses, the-numbers are -rough averages, the values in paren-
theses -giving-the variation; unless otherwise specified, -the -data are from
von Hipple, (Ref. 18), and at v = 1010 cps. The values of-10 -1 /P (the
distance in which the amplitude is reduced-by the factor I/e) are -also-
-given.

There is qualitative agreement among the soil measurements: -for
dry-soil,- 81 2Z.4-to 2.8, tan .001 to .005; bothS P and tan6 increase
with- moisture content with values- as large as E' = 20, tanO . Z9 for -wet
soil.

The effect -of variation-in tan6 up., *e-reflection properties of soil,
is illustrated in Reference Z0,-page-374, nere -the magnitude, Jp Iand phase
Sof the- reflection- coefficient', are plotted-as -a function of the angle of
incidence- 0 - (ir/Z - 41) -for- the different polarizations, and for-values of
(V', tana) = (7, 0), (7, 3/7), (25, 0) and (25, 19/25). These curves are
reproduced -in Figure B. 5-1.

Noting -that when tanb = 0, O_. = 180 degrees for all 41 and-b,, = 180
degrees-for- ' less -than the Brewster angle %0, *,, = 0 for -% - 0, we see
that the -approximation tan6- = 0 is-fairly good except for 4" IP0.

'For two semi-infinite, homogeneous media.

U. B-5z
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Amppenicuder of-Reflection

Coeffcien fMrMoitan

-Mryt Soil2

0._ ,!!_f andO E -

Ap lias e of -Reflection 110 tan6=19/25 -
Coefficient for Moist and

Dry Soil 04Mi Dy -'

-0 - Dy -- - ton6=37
-t 0.2 Parallel Polarization -

0 -

FIG. B- 200' REFLECTIONula COFICET FOlR MOIST-AN RYSI
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APPENDIX C

ROUGH SURFACE EFFECTS

The radar cross-sections of the dihedrals and-trihedrals formed
by the ground and buildings were computed under the assumption that
the ground is a smooth, perfect conductor. Inasmuch as-unpaved ground

is actually rough compared to the 3-cm wavelength considered, it is
-desirable-to have sme estimate of the effect-of-the roughness on-the-cor-
-ner cross-section.

If it is assumed that -the groundis-an -is6tropic scatterer, then the
effect -of the corner is -virtually nullified. This -can be-seen-by-consider-
ing the change-in the -cross-section of a dihedral -when- one-face is made

an isotropic scatterer. If-the-plane in Figire-C-1 is -smooth, -the cross-
section of tMe- dihedral formed-by a vertical-wall on the plane, for the
incident beam-shown is given by:

4wr
o--•- A 2 ,

where A is- obtained by imaging in the horizontal -plane:

-A -- (Zhcose) -, -O'_c0-<Or/Z

, 4'

FIG. C_-i VERTICAL WALL I-N ROUGH SURFACE

I- ... .._ _ C--I I-
An!M
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If the plane is an isotropic scatterer, an equivalent problem in the
region of physical optics may be obtained by imaging in the smooth wall
(Fig. -C-1 and-C-2). Thus, instead of a corner, -there is only the contri-
-bution of an -isotropic scatterer -with -two -incident -beams_

ý 2/tan0_

FIG. C-2 IMAGE PROBLEM

A quantitative estimate is obtained as follows: For an isotropic
scatterer, the radar cross-section is equal to the area seen from-the
direction -of--incidence which -is 2h- Icos 0 (Fig. C-2). Taking into -account
the image beam, -the- scattering cross -section -for the "isotropic" corner
is 0-i - 4 hi-co. 0. The contribution of -the--part of the -rough-surface af-
fected-by th. vertical wall (Fig. C-2) is just doubled in the physical-op-
tics approximation. The ratio-of the two cross-sections is

0-_ 1 XXk C-1< 0 < Tr/z
-a 4ircos h -1i

For the cases of -interest X/h << 1 and X/1 << 1 so that-ri/r< < 1 for
0 not:too close to Tr/2. For 0 near-i/2 the above expressions are no
longer good approximations and hence the ratio has no meaning. How-
ever, the 0 near-Tr/2-case is not of -importance in the-present work.

In the literature there are several theoretical studies of the effects-of
surface roughness on radar return (Ref. 25). However, most of the work
is not applicable to the present- problem. Hence-the following analysis,
aimed at determining the conditions under which terrain might be expected to

____ ____ ____ ___C-a
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scatter isotropically has been carried out. It is shown that a one-di-

mensional surface cannot scatter isotropically unless there is consider-
able-shadowing of parts of the -surface by adjacent parts.

Consider a perfectly conducting surface -y = y(x) whose roughness

is large compared- to the wavelength-so that -the- reflection -at each point
may-be considered specular. If the slope at some point is y', andif the

direction of the -incident-beam is given by3 Pthen-the direction- 0 of -the
beam scattered from-the- point (having slope y') is given by (Fig-. C-3):

0= Za+-P, (C-i)

where
y'= tan a, (C-2)

(It has been -implicitly -assumed that the ray is not multiply scattered.)

i FIG. C-3 REFLECTION OF ROUGH-SURFACE

if p(0) -is- the -probability of scattering into dO at- 0 then-p(O) is-pro-

portional to the scattering cross-section o-(G) per unit area of -surface (Eq.
C-11), p(g) depends on a, -P -and -on- the- shadowing- of the-surface, as param-
-eters. It can be -expressed also in -terms -of -the- distribution -of -slopes.

",C-3
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For each fixed P

P(y') dy' = p(O) dO (C-3)

P(y') p(O) dO/dy'

where dO/dy' is to be calculated from Equations (C-!)-and (C-2):

dO d da
dy -dy' -

and -therefore,

2P(y') -y, p(O) (C-4)
2 - p(Ztan-1 y'+-P)

1+yz

For an-isotropic scatterer:

pi(0) = constant = 1/T

2 (C-5)
Pi(Y') ( y2

ir(l +y'Z)-

P(y') is the probability density distribution of surface elements of
slope y' which are-seen-from the direction of incidence-P. This function
will now be found explicitly in terms of _, -for a given curve y(x) on-the
assumption of single scatterings -only.

In Figure C-4 let A si represent a small part of-the curve y(x) and
let ay' be-the change in y' along -A si. Then, if A- I i is defined as shown
in Figure C-4, the probability P(y') Ay' of seeing a slope y' in the range
a y, is given by:

P(y') A L sinA (C-6)

-where the sum is over all points having-the same y' (and not shadowed by
another -part of the- curve).

___C-4
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Ali= AsiCos(-x/Z-a-P) = Asisin(a+p)

Axi = AsiCosa

• y ' ; xi-

Assuming that y'- / 0, and combining the last three equations with
Equation (C-6):

""sin (a + P) A y,
P(yl) AZy' =Zsn co a , -or

L -sin P Cos a yi

P(y') = 3+ L , (C-7)

where y" is-to be expressed as a-function-of y'. The quantity in the second
parenthesis on the right- is essentially an average and hence is independent
of L for sufficiently- large -L.

As .-

Ax0A

L

FIG. C-4 GEOMETRY FOR ROUGH SURFACE

It -is evident from Equation (C-7) that a surface cannot be an iso-
tropic scatterer for-all incident- directions if -the -sum reduces to a single
term. In fact, since P(y') is to be independent of P•, it-follows that the
. 1/y rTnst depend on -P which means that as P varies-new parts of the
surface -nust be exposed and-previously exposed parts shadowed, if the

C-5
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scatterer is to be isotropic for all angles of incidence. When there is no
shadowing, surfaces can be found which scatter isotropically for given
values of 3. For example, let P = ?r/2, and assume further that the sum
in Equation (C-7) reduces to a single term for each y'. In this case
Equations (C-5) and (C-7) give

-7(0 +yZ) Ly" (C-)

A first integration gives

' + cl = sin1-
Z L I rl1 -+y ,12

The arbitrary constant-c1 may be set equal to -0, since it only shifts the
origin. Solving-for y':

irx

y' + tan •.-

which gives
l+iY

cos-• =ce
2Ls cZ-e ZL

The constant cZ may be- set equal to I since it merely affects the average
value of y, and the introduction of new variables

u=-L- and v= Y
ZL ZL

gives

±Vcosu = e

Choosing the plus -sign and negative v, yields

cosu-=-e+V . (C-9)

Equation (C-9) is plotted in Figure C-5.

C-6
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I I

.... ' i f++V
I cos U =e

IVI I
I I
I I

FIG. C-5 TWO-DIMEMSIONAL PSEUDO- ISOTROPIC SCATTERE,!

It is -obvious -however, that Equation (C'-9) does-not scatter iso-
tropically for-all angles of incidence but only for P3 = W/Z.

From Equation -(C-7) the geometric optics cross-section for-the
surface y(x) can be-obtained. Since r(0) -is -proportional to p(O), and

,'r 7r

p(0) de= 1, J-(O) d0=o-o (C-10)

0 -0
where o-o is the total -cross-section. Hence

oj(O)-- 0 D(O) -= '-0 q P(y') (C-11)

'From Equations (C-l)- and'(C-Z)

dy' 1/2 sec2e-•

-C-7
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Also,

a-o = Lsinf

Therefore,

-0" = (l/2)sec 2  - [' cos P3 +sin P3 4- (C-l)

where the sum is now to be expressed in terms of 0 by using Equations
(C-I) and (C-2).

If-the surface is defined -statistically this -formula would be used to
obtain a probability- distribution for a-.

C-8_
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APPENDIX D

SUMMARY AND ANALYSIS OF EXPERIMENTS

D. 1 STRATEGIC AIR- COMMAND, RADAR PREDICTION IMPROVE-

MENT PROGRAM- - "THE BALTIMORE PROJECT"

To improve their predictions of the radar PPI presentations -to be-
-expected during bombing runs, the Strategic Air Command-(SAC) con-
ducted an extensive series- of tests to obtain data from which to corre-
late the relative magnitudes of echoes from targets as -seen-on a =PPI
display with -physical- characteristics of these targets detectable photo-
graphically. More specifically, SAC wanted-to- determine which struc-
tures and-patterns of sti-actures -give relatively strong, persistent radar
returns as aspect changed and which give fluctuating (and-hence unreli-
able) returns, which items of information- are required, -and which factors
are insignificant in radar PPI scope -prediction.

At present writing, a final-report on-this work--(Ref. 4) is nearly
complete but not yet available. The details-given below-are based on a
-semifinal report (Ref. 5) and-on further data obtained during a visit to

-Headquarters, SAC, -Offutt Air Force Base, Nebraska, by one of the

-authors.

Although some of the work of- the Baltimore Project- has been criti-
cized, the results obtained appear to be of considerable value.

To obtain data, SAC chose 60 different, fairly-homogeneous-struc-
ture groupings in-the Baltimore, Md., area-for s"tdy- * An JAPS 3- 23
radar was flown at an altitude of 30, 000 feet in circular -paths of radii
10, 15, 25: 30, and 40'miles-about the center of -Baltimore. The PPI

presentation was photographed on each scan. Successive scans were
made with a -successively increasing-gain for ten-scans, after which the
gain cycle was -repeated. A cycle lasted -about 12 seconds. The -relative
echo strength of a target was determined in-each-cycle=by-theilowest gain

S~D-I
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setting at which it was visible on- the photograph. Returns visible on the
lowest gain setting were labeled No. 1 intensities; those visible on the
second lowest but not the lowest setting were labeled No. 2 intensities,
and so on.

This procedure-has three advantages over procedures such-as were
used by Engineering Res earch Associates- and Ford -Instrument- Company
(App. D. 4). It elimiiates the need for -careful -photometric- readings
which -are quite difficult and time consuming. More -important, it elim-
inates the-error caused by the AN/APS-23 contrast control.

OUTPUT

IN VOLTS 21--

Drop.out

Level -'- 4---- --

Xl x2

INPUT IN db-ABOVE NOISE
Note:Brightness -is- monotonicafly but-not linearly related to output voltage

FIG. Di CHANGE IN BRIGHTNESS DUE TO CONTRAST CONTROL
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To achieve maximum contrast between the brightest targets and
the background, the transfer characteristic of the APS-23 is made,
by means -of a dual i-f strip, to- have the form shown by the solid
line in Figure D-1. x2 may be set arbitrarily by- the- operator -from
xi to some maximum value -(the contrast control). Hence, all- inputs
-between x1 -and- x2 -have the same output.

The effect of decreasing-the receiver gain is simply to decrease the
slope of the curve below the 2-volt output as- from -the solid-to-the dashed
line in-the -figure. Hence, the shape of the curve above the 2-volt output
-(which is adjustable-by the contrast control)-has no bearing on-thc SAC-
results.

Finally, by using a variable -gain, a much wider -range.of relative

-echo strengths-could be considered than when-the gain is fixed.

zData on-twenty-seven inherent characteristics- of the target-group-

ings were-obtained from the study of stereo-pair photographs made ver-
tically -from- the -air at scales-of 1:8000 and 1:2000 and from ground
photographs of each target from-several angles and distances. The de-
gree of correlation of the relative echo -strengths with-these twenty-seven
characteristics-and with range and aspect was determined, -as were the
correlations with many combinations of two factors. The target-charac-
teristics-which-SAC's analysis of the results indicate-to-be quite -signifi-
cant in-affecting radar returns-of targets- which--have fairly constant mag-

-nitude as-aspect and range- change, and-which -SAC expects -to use in radar
predictions, are:

-1. Predominant- outside building material (metal; metal and concrete;
stone, -brick,- and-concrete; -and Wood give returns whose- magni-
tudes decrease in that order),

2. Relativem-number of Separate- reflecting surfaces in the group,

3. Horizontal size (buildings of -greater over-all- lengths gave greater
returns),
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4. Predominant structure height (echo increased with height),

5. Variation in structure heights (the more variation; the greater
-the return), and

6. Presence of trees, shrubs, and vines-around the-buildings (even
a -moderate- covering-very markedly reduced the- returns).

SAC has -decided -that -consideration of these- factors is sufficient for
a good prediction -scheme. -Certain-other significant factors -did not need-
to be considered -inasmuch as they-apparently are highly correlated- with
the above -factors (e. g., most metal walls are- also smooth). These -other
factors are described in Reference 5. -Those which are of direct -interest
in drawing inferences on which to base the computations- of this report are:

-1. Monitor and -saw-tooth roofs gave much larger returns than gable
and hipped roofs.

2. Percentage- of vertical surfaces occupied by windows- is not too
important.

3. Water foregrounds and built-up foregrounds -enhanced- returns
-as compared to wooded areas- and open- fields.

4. Smooth-wall and-roof -surfaces give -much greater returns than
rough-surfaces.

5. A large-amount of associated equipment-(e. g., -tractors, box
-cars, derricks, and- tanks)- greatly -increase -returns.

The-principal objection which-has been raised to the validity of the
Baltimore Project results-is that the -target -complex ii nmany cases,- par-
ticularly at -the longer ranges, did- not-occupy the entire area on the ground
which was reflecting signals to the radar. Thus the target descriptions
did not describe all the contributions to the return. This objection is
answered, at least partly, by the fact that among the factors considered-
were the characteristics of the area in the foreground of the target, the
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ground range of the target, and the percentage of the beamwidth occu-
pied by the structure grouping. As long as the last factor was above 10
per cent, there appeared -to be little- dependence on it. In- any case, this
possible defect would degrade the results principally at. the longer ranges,
and hence the over-all results, but would not make them useless.

A- second-objection is that -the target descriptions were-not always
adequately -detailed. For-example, a measure of variation in structure

-heights was taken to be the greatest difference in structure- heights- in
the -target complex.

A third objection is the-size of sample; sixty targets-may bean in-
-adequate sample because it -may -result in-too few samples in certain
categories. Thus some of, but-not all, the conclusions may be-based on
-an inadequate sample size. Certain other objections to -the -statistical
procedures have been heard by the- authors but the validity-or importance
of-these objections -cannot be decided before -studying- the final--report
(which is-to contain much detailed information onthe data and-data re-
duction procedures) and-perhaps studying -the-raw data itself-and the data
reduction -sheets.

Despite -these- objections, it is to be reiterated that the SAC data
appear to be of considerable value.

D. 2 THE OHIO-STATE UNIVERSITY RESULTS FOR BATAVIA, N. Y.

The Mapping and Charting Research-Laboratory of the-Ohio-State
University Research Foundation has obtained-some results which illus-
trate very clearly the dominant effects- of trihedral and dihedral- reflec-
tors in returns 'from- certain -regular- arrays -of -buildings (Ref. 22 )1.
These results were -obtained-by examining PPI display photographs for
two flights past Batavia, N.Y., with an AN/APS-23. The flight paths

'These -results- were learned-of by personnel-of this-project only
after practically all of the -work described -in-this report was -completed.
Hence, the- results were -not used -in formulating the simplifying assump-
tions (Sec. 1.4), but do -serve to- indicate their correctness.
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were-such that radar depression angles near 0 degrees or 90 degrees
were avoided. The street pattern in Batavia is quite regular, as in-
dicated in Figure -D-2. The buildings are almost exclusively wooden
houses except in a relatively small business area. The extent of the
return on the PPI for successive positions along the flight path is indi-
cated in the figure. The results shown-inzthe figure were -explained by
assuming that the -ground- and the walls=of -adjacent buildings formed
arrays of trihedral reflectors -Which gave large responses- where the
-radar beam was notobstructed -so as to- shadow the adjacent wall or
where the-angle of depression was not so great-that rays striking the
ground would go over the tops of the walls. Ohio State -University ray-
tracing computations, based on average -building- sizes -and-spacings,
demonstrated -that- it was precisely in-those regions where the aspect
prevented the trihedral effect that -the return- practically disappeared.

When-the line-of-sight -was perpendicular or parallel to the two
street directions (or almost so), the walls -and- ground were considered
to form arrays of dihedral reflectors which Would be expected to provide
very large returns, -as was the case.

It is of importance to note that the successful explanation was-based
on a very -simplified geometrical model in which only average spacings
and heights were used, -and in- which no -account -was taken-of surface
roughness or-dielectric constants. In-addition, no- account -was -taken of
the few scattered large structures -in Batavia which did not fit- into the
above patterns of buildings.

D. 3 KURTZ LABORATORIES INTEGRATION TECHNIQUES

The Kurtz Laboratories- have done some interesting -work on inte-
grating successive- frames on a-strip of PPI film by photographic-means-
with the -objective of separating-the returns -from targets which are highly
directional from those which are-not (Ref. 9). Kurtz Laboratories inter-
est-is in development of these photographic techniques, but some of the
results- they- have uncovered -incidentally are- of interest to-the present
work. In -addition, the -techniques hold- considerable potential value for
future attempts at radar -PPI interpretations, and for -obtaining qualitative
information useful in formulating radar prediction methods-.
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The main technique being developed is "chromatic giitter integration"
(CGI). This is a technique in which several successively recorded film
frames-are stacked- in- register and bound to form a "sandwich". Three
such sandwiches are formed from film corresponding to successive por-
tions of -flight. The successive sandwiches are printed-onto Kodak dye
transfer matrices from which-a single composite color print is then made
in- the usual -fashion-by dye transferal.

Several distinct colors arising from- the combinations of red, green,
and -blue where there is superposition: white (blue & green & red), ma-
genta (red-& -blue)- cyan (blue -& green), and yellow (red & green); The
final print also has the single colors rxed, blue, and green. The color
displayed at a given- area on the print indicates the portions of the flight

path from which the -area was seen on the PPI. Thus red, green or blue

indicates a highly directional -target, white an isotropic one.

By stacking undyed transfer matrices,- and printing the composite
picture, -a picture -representing the isotropic targets -only is obtained, the

so-called hard core of the -scattering -pattern.

CGI pictures of Detroit seen by the authors showed-strong directional
effects- which appeared to illustrate the cardinal point effect- (Sec. 1. 2). In
Reference 9, Ypsilanti is reported to have appeared colored in aCGI
print, except for scattered white areas. The General Motors factory area
at the Willow Run Airport was white. Since this area is extremely com-
plex, having-many corner- reflectors oriented in all directions, this re-

sult appears reasonable.

D. 4 ENGINEERING RESEARCH ASSOCIATES, INC. AND FORD INSTRU-

MENT COMPANY "BRILLIANCE MEASUREMENTS"

Engineering Research Associates, Inc. (Ref. 1), and the Ford Instru-
ment Company (Ref. 2 and 3) have conducted laboratory- programs in which
they measured -the light transmission of selected-target areas of radar PPI
photographs -furnished-by- the Wright Air Development Center. At ERA for
example, the pictures were enlarged by projection onto an opaque screen.

D-8
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An aperture -in the screen fitting the area of interest permitted-light to
strike- a phototube. The amplified phototube response was divided by the
response for clear film and-corrected for nonlinearity in the amplifica-

tion-to get a quantity termed brilliance by ERA. The aperture size corre-

sponded to 0. 21 square miles on-the ground.

From these- data brilliance versus radar depression -angle curves
were constructed, ignoring azimuths. To emphasize- differences between

the curves %the differences were not great), a-prescribed-brilliance was

subtracted at each point. At Engineering Research Associates an "average
brilliance"-based- on-some experimental data was subtracted. Its deter-
mination involved averaging- over azimuth -at- fixed- ranges -for four -film

frames. At Ford- Instrument Company- the- brilliance subtracted was the

greatest brilliance in the film- being measured-at-the range -of the target,
which was generally the saturation value. At Engineering- Research As-

sociates the curves-are called "brilliance curves"; at Ford Instrument

Company-they are called "contrast history" curves. At Engineering-Re-
search Associates -for each curve (i. e., for each target- considered- in a
run) computations were-made of the mean value-of the ordinates, the

standard-deviation, the standard- deviation per entry, and standard de-

viation-per numbereof quantized brilliance levels occurring, and the asym-
metry or differences in-means on approach and departure.

The targets-were described at ERA by word pictures such as given
-by-this example (Ref. 1):-

"Union Station, -Cincinnati, Oh'_ 'pr-cent Union-Station (domed
roof), 20--per cent railroad- yards . 60 -pr cent residential-or

-business district. Almost 100-per-, ; -levee area at west-most
edge (probably filled in since o .al w was made). Separated

from flight path by-hills JO feet higher than -area.

An attempt was made to relate the statistical parameters of the
brilliance curves with the various types of targets. -The best- result-was
to show a-tendency (with many exceptions)-for the measurements fcr
industrial areas -to have much larger standard deviations- than the meas-

urements for farmlands.
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About 50-APS-23 PPI film strips were analyzed. -Only two were
comparable in flight path; however, these were at 3000- and 9000-foot
altitudes, and-all- radar settings -(e.-g:, contrast control) differed for
these two strips.

At Ford Instrument- Company the contrast intervals- were generally-
quantized into four levels. The target- classifications were- very--general
ones- such as railroads, industrial, waterways, and residential flatiands,
with occasional combinations of industrial and railroads. Two types of
statistical- information -were then-recorded to form what Ford -calls '!tar-
get identification- keys" for a given target- type. Early- in their work,
Ford made histograms of the relative number of -times-the re- s from
targets of a -given class changed from -one contrast level to- the -nxt for a
given depression angle 0 as the depression angle passed through 0o.
These sets of histograms are called "change point keys". The later
type of key, called a "contrast history key", is -a set -of histograms of
the relative number of -times a-given contrast was achieved in a given
0 interval. Variations- of these keys- were also used. The-keys were
then-used as prediction devices, the -idea-being that if a set of histograms
for-an unidentified target were obtained, the target would most likely be
-a member of theltarget class whose key it fit -most closely. Criteria- for
fitting were considered in- detail.

About 40 per cent accuracy in identification was achieved with the
change point keys, and 55 per cent with contrast- history- keys as com-
pared to about 20 per cent which would occur-by pure-chance. It should
be borne in mind that most of the evaluations of the keys used the same
film strips as were used to form the keys.

Incidentally, it-is -evident that by no means all- the properties of the
target return are used in these-keys. This was sharply-brought out at
Ford where it was found that the girls who did the film reduction could
obtain very much higher -prediction accuracy by examining film- strips
and using no keys. As a result, a-program was-started (but not com-
plete as~-yet)-to find out what attributes- of the-target pictures the girls
were using-for identification.

D-10
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In general, the target areas, even in the less general- classifications
used by Engineering Research Associates, such as "railroad roundhouse",
embraced such a variety-of types of reflectors that it would have been
remarkable if much more success had been-obtained in either- investiga-
tion. -The number-of target areas studied-is far toc small to-iron out the
effects- of these variations. Even- if clear-cut results- had been obtained,-
it would-have beenivery difficult-to draw conclusions useful for the pur-
poses of this contract from the results- on-such complex -targets.

In -any -case, there were other -factors- which -reduce-the -value -of
these results-. There-was no-uniformity in the radar control settings;
in- fact these settings were generally -unknown. The same -is true for -the
photography and development procedures for-the PPI films. BuLh firms-
are well aware-of these difficulties.

The question of radar control settings is -unusually important with
an AN/APS-23 -radar because of the presence-of the "contrast control"

(App. D.-.).

D. 5 PHILCO CORPORATION RESEARCH ON RADAR TERRAIN RE-

FLECTION CHARACTERISTICS

The Philco Corporation has- carried- out -an extensive program in
which they obtained a- considerable -amount- of X-band pulse-to-pulse
data on-the radar returns from various types -of terrain (Ref. -6). The-
quantity measured was A-scope amplitude, y,. as recorded on-film, the
successivetraces occurring 1600 times- per second and-extending for .3
microseconds.

From these data the- following quantities were computed:

Wl(Y), the first -probability density function

p(r), the suppressed autocorrelation function
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The Philco Corporation has carried out -an extensive program in
which -they-obtained a considerable amount of X-band pulse-to-pulse
data on the radar returns from- various -types of terrain (Ref. 6). The
quantity measured -was-A-scope amplitude, y,. as recorded on film, the
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S(-), the non-suppressed1 autocorrelation function

a-, the normalized' radar echoing area.

The targets observed- consisted of four fairly extensive, homogene-
ous, -flat -New Jersey terrains;ý-sand (an-emergency -landing -field -for small
aircraft), grass (6-inch high wheat), scrub-pine (3 tv 5 feet high), and
forest (dense cnvering of pine-trees- 20 to 30 feet high" and four others;-
a river and-river bank, -a village of -60 -houses along a railroad-track a
metal-building with a 90-foot tower and-a -100-foot water- tank- surrounded
by some low cement block buildjnrýs; a railroad siding, -and-a pond-sur-
rounded by-trees. More adequate descriptions and photographs are given
in Reference 6.

The main- results of interest to-the present investigation are-the
values- of-". It was- found that-only- for sand and grass -did 0o approx-
imately vary as

O-o(0) = constant - sin-0

with depression -angle 0. This result is the one which would be-obtained
if the-te:-rain were-scattered isotropicaily. Sand and grass were also the
targets for which Wl(y) was most nearly a -Rayleigh distribution. ao(9)
for scrub pine and forest increased with decreasing 0.

The other data obtained by Philco are of interest to this program
-only indirectly. They showed that certain parameters of Wl(y), p(C-), and
4i(a-) could be used with moderate -success to- differentiate among the var-
ious types of targets. These- parameters are certainly not -used explic-
itly-for target- identification in present-day radars, although this knowl-
edge -is-of possible value-for-more long-range camouflage planning.

"1"Suppressed" is used by Philco to mean-that the average value is-
subtracted from the data at each pulse before the correlation is carried out.

2(o is the- conventional radar cross-section divided by the area of

-the ground irradiated.
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The Philco Corporation obtained a large amount of data and con-
ducted- a-thorough analysis of the results- and- their vali,.ity. Their anal-
ysis, as well as some-separate considerations of their data made during
the -present study, indicate- that the quantity of data, i, e., the- sample
size, is rather margi, al for drawing some of their conclusions.

D. 6 DIHEDRAL ,ND TRIHEDRAL REFLECTOR EXPERIMENTS

All the computations made in this report place heavy emphasis on
the returns from-dihedral-and trihedral reflectors. Hence, experimental
data-on the- returns from- corner reflectors -are of interest; particularly
the results of controlled tests-which-can be used-to- verify -the -approxi-
-mate theoretical formulas--used for the computations. Data-for -cases in
which it is known-that the approximations made in developing the -theory-
are poor -are- particularly important in exploring the range of validity-of
the-results. These cases include those-in which -the irradiating-wave-
length -is comparable to the -lengths of the sides of the corner -or to the
scale of surface roughness- and those-from which the theory determining
the-effects of-non 90-degree angles at the edges of the corners can--be
=checked. Data-from three sources are-described below.

D.6.4 MIT Radiation Laboratory

R. D. O'Neal, in- Reference 7, compared experimental returns-from
corner reflectors -with the -theoretical back-scattering radar cross sec-
tion-result " - 4irA2 [/ 2 which is used-in this report. -His-results for a
square corner reflector are reproduced in Figure D-3. A description-
of this work given- in Reference 11 follows.

"The experimental dependence of the cross-section on the size of the
reflector is shown in Table D-I for a-square corner reflector. A one-
-foot corner reflector was used to obtain the constant K. For the 6-inch
reflector, whose dimensions are- of the same order- of magnitude as -the
wavelength of the incident radiation, the cross-section deviated-from
that predicted by physical optics by a factor of approximately 1. 6. The
discrepancies between physical optics theory and cxperiment for the 3
and 4-foot reflectors- can be attributed -to ncn-perpendicularity of the
reflector -sides."
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TABLE D-1

VARIATION OF CROSS-SECTION WITH CORNER SIDE LENGTH b

(X = 9.1 cm)

Side Length Value of n in a-= Kbn

6 inc!hes 3.3
2 feet 4.0
3 feet 3.8
4 feet 3.8

D-. 6. 2 Cornell-Aeronautical Laboratory

In Referenc 3. the Cornell Aeronautical Laboratory -presents the
results of an-extensive series -of-tests-to- determine effective means of
modulating corner --reflector echoes- by changing the- dihedral- angles, trun-
cating the corner reflectors, and using diffusing-or -absorbing surfaces.
Many of these -results -are of -direct interest to-the-present program. Some
of them are of value as an-aid in predicting the principal returns from build-
ings, and some because -certain- of -the modulation methods could per;.aps
also be-applied to camouflage.

The- corner reflectors were located on a paved parking-lot with ai-
sorbing shielding placed to eliminate ground reflections. The radar was
an AN/APS-15 X-band set, modified to furnish a 3-degree beamwidth,
located on a tower 50 feet above ground level and-600-feet from the corner
reflectors. Unfortunately for present purposes, the- corner reflectors
had-triangular sides- rather- than the- rectangular sides of primary interest
in-building returns. Figures D-4 through D-7, reproduced from Refer-
ence 8, illustrate the reduction-of radar echo as a function of angle error
for -a given-side -length-to-wavelength- ratio. In these tests this ratio was
approximately 9. The-results are of the magnitude indicated in Reference
-I0-.

Figu~res D-8 through D-1- illustrate varioub protuberances -placed on
the walls of the corner reflectors. A reduction of about 20 db in maximum
echo strength-was found for each of these reflectors and- hence such schemes
should be considered as possible camouflage devices.
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ABC -Face of Corner

OPD -Axis of Corner Perpendicular to Face -ABD

9 Azimuth Angle of Corner Reflector-Axis with Respect to
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Line of Sight to Radar

FIG. D .4 CORNER REFLECTOR GEOMETRY
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FIG. D-8 DIFFUSING SIDE CYLINDRICAL PROJECTION CORNER REFLECTOR-
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FIG. D-9 MULTIPLE DISC SHUTTER CORNER REFLECTOR
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FIG. D-10 MULTIPLE VERTICAL CYLINDRICAL DIFFUSER CORNER REFLECTOR
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FIG. D-11 MULTIPLE DISC DIFFUSER CORNER REFLECTOR
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D. 6. 3 Engineering Research Associates Optical Models

An experimental laboratory study of scattering patterns has been
made by Engineering Research Associates (Ref. 1). This experiment

involved-an unpolarized light beam-as the source and a photocell receiver.
The re-radiation pattern of a group of toy plastic building blocks was
investigated. A three-dimensional model of the observed-radar pattern

wa. compared with a similar model constructed according to physical
optics computations of the type used in Appendix A of this report, neg-

lecting energy returned after more than three bounces and neglecting
all but specular returns. The theore-'eal and measured patterns had
the same general shape. The differe. :s are attributed by Engineering

Research Associates to- the use of non-parallel incident light -in the ex-

periment and the assumption of perfectly smooth surfaces in the theory.

A more -sophisticated -version of this experimental set-up which
automatically recorded on facsimile paper the back scattering returns
-over an- entire hemisphere was then used for additional measurements

of trihedrals, dihedrals, and arrays of blocks. The results provide
qualitative illustrations of the effects of rough surfaces, truncation and
angular errors, and surface curvature on the returns. A result of spe-
cial- interest was that strong dihedral effects were observed even with

surface roughness of three to five wavelengths.

D-24
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