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PREFACE
(Unclassified)
This paper is the seventeenth in a series of reports growing out of

Studies in Radar Cross-Sections at the Engineering Research Institute of
The University of Michigan. The primary aims of this program are:

1. To show that radar cross-sections can be determined ana-
lytically.
2. To elaborate means for computing cross-sections of 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 Maxwell's equations.

2. To examine the various approximations possible in this
problem, and determine the limits of their 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 publica-
tion are listed on the back of the title page.

K. M. Siegel
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PART I--THEORY
1

INTRODUCTION AND SUMMARY
(Confidential)

This is the seventeenth in a series of reports aimed primarily at
finding the radar cross-sections of aircraft. In the fifteenth report in
this series (Ref. 1), the monostatic radar cross-sections of B-47 and
B-52 aircraft were found for horizontal and vertical polarizations at seven
different wavelengths. This report contains the natural extension of the
methods employed in Reference 1 to methods of finding the monostatic
radar cross-sections of aircraft at any polarization, and specifically to
finding the circular polarization cross-section of a B-47 aircraft at a
wavelength of 0.4 ft =12 cm (S-band).

The present report is a companion report to Reference 1. Hence,
much of the notation and some of the computations are common to both
reports.

There are two Parts to this report. PartI deals with the theory of
finding the scattering matrices and the cross-polarization cross-sections
for certain simple geometric shapes which approximate aircraft parts
(e.g., wedges and loops). It is shown that the cross-polarization cross-
section for arbitrary incident and received polarization can be obtained
from nine basic cross-polarization cross-sections. Furthermore, it is
shown how the cross-sections obtained for the simple geometric shapes
can be combined to obtain the cross-polarization cross-sections for a com-
plex body such as the B-47.

In Section A of Part II, the‘methods of Part I are used to find the
monostatic S-band cross-polarization radar cross-sections

o(HH), o(VV), o(HV), o(LH), o(LV),
o(+H), o(+V), o(LR), o(AP), o(RR), o(LL),

of a B-47 aircraft. The results are presented graphically.
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These graphs are shown to be in good agreement with results of
recent dynamic experiments made by the Hughes Aircraft Company (Part
II, Sec. B), and indicate the amount of degradation to be expected for a
B-47,using circular polarization on a clear day.

The interest in cross-polarization radar cross-sections has been
fostered in part by much recent dynamic radar cross-section measure-
ment which utilized circular polarization as a means of ground clutter
rejection, and as a means of improving aircraft discrimination in rain;
indeed, with regard to the latter point, it has long been postulated (e. g.,
Ref. 2) that in rain, snow, and cloud cover a circularly polarized radar
could obtain higher signal-to-noise ratios than a linearly polarized radar
when viewing complex targets. In Section C of Part II there is a discus-
sion of experiments by the Airborne Instruments Laboratory (Ref. 3),
The Ohio State University (Ref. 4), Lincoln Laboratory of the Massachu-
setts Institute of Technology (Ref. 5), and the Raytheon Manufacturing
Company (Ref. 18), all of which deal with comparisons of returns from
real and simulated weather and from aircraft, using circularly and line-
arly polarized radiation. These experiments indicate that circularly
polarized energy yields minimum reflection from rain and maximum dis-
crimination of jet aircraft in rain.
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SCATTERING MATRICES
(Unclassified)

The scattering of electromagnetic radiation may be described quite
generally as follows: For simplicity, assume an incident plane wave and
choose a coordinate system such that the negative z-axis is in the direc-
tion of propagation of the incident wave (Fig. 2-1). Since the incident elec-
tric and magnetic vectors lie in a plane perpendicular to the direction of
propagation, the incident radiation is completely specified in free space
by the direction of propagation and the x- and y-components of either the
electric or magnetic fields. After impinging on an obstacle the scattered
radiation in the "far zone' is then completely determined by the configu-
ration of the scatterer, its electrical properties, and by the incident radi-
ation. If ﬁo is a unit vector in the direction of the incident wave, and
a unit vector in the direction in which the scattered wave is observed, the
far field in the direction £ is determined by the type of obstacle and the
incident radiation, or, in symbols,

S i
ER = sk, ko) B (2-1)

where Ell/; is the incident field moving in the direction ﬁ EE is the
o

scattered field movmg in the direction k and S(k k o) is a matrix with
continuous indices k and ko which depends on the obstacle and the wave-
length of the radiation. From its analog in quantum mechanics, the matrix
S is called the scattering matrix or, more briefly, S-matrix.

2.1 SCATTERED FIELD IN S-MATRIX NOTATION

If the coordmate system is rotated such that the new z-axis lies
along the direction k the incident field will be specified by three com-
ponents, but the scattered field in the direction k will be specified simply
by the x- and y-components since the radiation field is transverse. Sym-
bolically, this rotation R is expressed as

CONFIDENTIAL
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a .
=<{3>=R sk, £o) R™ Qzﬁ}{ > : (2.1-1)
0 (o)

-1
An immediate condition on the new S-matrix RSR ~ is then that it lead to
zero z-component of the scattered field.

RE

>0

The maximum advantage of using the S-matrix notation is obtained
when circularly or elliptically polarized incident radiation is considered.
Before going into this, however, it is desirable to give a brief review of
the polarization phenomenon.

Consider a plane wave moving along the z-axis as in Figure 2.1-1,
If the electric vector is restricted to lie in one plane through the z-axis,
say the yz-plane, the wave is said to be plane or linearly polarized since
the projection of the locus of the electric vector on the xy-plane is a
straight line.

If the electric vector is no longer required to lie in a single plane,
then its projection on the xy-plane will no longer be a straight line but
will in general describe an ellipse in time as shown in Figure 2.1-2, The
case of circular polarization occurs when the ellipse degenerates into a
circle as shown in Figure 2.1-3,

In particular, for back-scattering, k = —’llo. An incident elliptically
polarized field can be expressed in terms of Cartesian coordinates and
hence, as before:

S A A N
S(-kg, ko) Ep . (2.1-2)
(0]

3y
>
n

It is possible to express the fields in terms of an elliptic basis by a co-
ordinate transformation, U, such that

ih -uBik (2.1-3)
A = A, 1=
kO kO
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o~
where € ! is the incident vector in an elliptic basis. Then

A S A A -1 >1] A A -1 i
E_ﬁ = S(-kg, ko) U " U Eﬁo = S(-kg, ko) U ~ € ﬁo . (2.1-4)
(o)

The scattered field is transformed by the same transformation so that in
the elliptic basis,

A -1 i

A=UE s = Us(-ky, kyu € (2.1-5)

x>

(0]

This then gives a new scattering matrix U S U™! which is used for the
case in which the incident and scattered fields are referred to an elliptic
basis. Since the fields describing the incident and back-scattered radia-
tion lie in the same plane the two-dimensional transformation U gives the
change of basis from linear to elliptic for both the incident and back
scattered fields.

Thus, by using the S-matrix formalism, it is necessary to determine
only the scattering for linear polarization and the transformation giving

the change of basis to the particular basis of interest.

2.2 S-MATRIX IN TERMS OF FIXED BUT ARBITRARY BASIS

In order to be explicit, let f)(H) and f)(V) be unit orthogonal vectors;
these vectors define, respectively, directions of horizontal' and vertical
polarization of an electric vector. A vector E may be written in terms
of this basis as

S 5 H

E = E(H) p(H) + E(V) (V) = (E(H>, E(V)) <§’:V;> = E'(HV) p(HV),
P

E(H)
where E'(HV) designates the transpose of the column (E(V)) .

'Horizontal will mean tangent to the earth with horizontal, vertical,
and direction of propagation being mutually orthogonal.
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If p(A) and p(B) are an arbitrary pair of unit orthogonal® vectors
co-planar with f(H) and p(V), then they must be obtainable from p(H) and
p(V) by a unitary transformation?

<u(AH) u(AV)

= . -1 . = 7% : = .
u(BH) u(BV)> = U(AB; HV), U (AB; HV) = U*(AB; HV) = U(HV; AB),
i,e., f)(AB) = U(AB; HV) f)(HV), where the asterisk indicates complex
conjugate of each element of the matrix and the prime indicates the trans-
pose of the matrix,

Since the AB system will in general be used to describe some ellipti-
cal polarization, it is preferable to use distinct systems of unit vectors
to specify the incident and scattered fields. This is done so that right-
hand elliptical polarization may have the same sense with regard to the
coordinate system for incident radiation as it does with regard to the co-
ordinate system for scattered radiation. So if

ﬁi(AB) = U(AB; HV) p(HV)

is prescribed for the incident system, the desired similarity of sense for
the two coordinate systems is accomplished by writing

pS(AB) = U*(AB; HV) p(HV)

for the scattered system. Thus f)S(AB) = f)i*(AB).

'0rthogonal is to be interpreted in the sense that two vectors p(A) and
ﬁ(B) are orthogonal if their product ﬁ(A) . p*(B) is zero, where the aster-
isk indicates complex conjugate; unit in the sense that a vector ﬁ(A) is a
unit vector if the product ﬁ(A) i ﬁ*’(A) is 1.

2u(1J) is defined by the product u(LJ) = p(I) - p*(J). Note here also
that u®(1J) = u(JI).
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An incident vectpr _Ei may be written in terms of either the basis
B(HV) or the basis ﬁl(AB):

El = E'{(mv) fHV) = E'}{AB) pHAB).

From this relation it easily follows that the two sets of components of Ei
are connected by

EXAB) = UXAB; HV) EXHV). (2.2-1a)
Similarly for a scattered vector ES the relation between components is
ES(AB) = U(AB; HV) ES(HV). (2.2-1b)
Since both the incident and scattered electric vectors are expressible
in terms of either unit vector basis, there will be four transformations,

i.e., scattering matrices, relating the components of the incident vector
for either basis to the components of the scattered vector for either basis.

ES(HV) = S(HV; HV) E{(HV), (2.2-2)
ES(AB) = S(AB; HV) EX(HV), (2.2-3)
ES(HV) = S(HV; AB) E}AB), (2.2-4)
ES(AB) = S(AB; AB) Ei(AB), (2.2-5)

where the two subscripts in front of, and following, the semicolon indicate
respectively rows and columns of the scattering matrix. For example, if
Equation (2.2-3) were written in detail, it would read!

< S(A)> S(AH) s(AV) EX(H)
ES(B) s(BH) s(BV) EXV)

1n s(1J), ﬁ(J) designates the incident polarization.
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The elements of these matrices are associated with effective radar
cross-section o by the following definition:

-LS A 2
¢ = lim 4712 — P s (2.2-6)
r—co E!

where p is a un1t vector denoting recelver polarization. For example, if
El = f(H) and B = B(V), then

ES = ES(H) B(H) + ES(V) §(V) = s(HH) P(H) +s(VE) (V) ,

and

.LS . A 2
o(VH) = lim 471 EA—LV) = lim 4712 s(VH) ‘2 . (2.2-T7a)
In a similar fashion it can be shown that
- 13 2 2
o(IJ) = lim 4#r s(1J) l . (2. 2-7b)

T ~eo0

These ¢(1J) will be called CROSS-POLARIZATION cross-sections.

Using Equation (2. 2-1) in conjunction with Equations (2.2-2) through
(2.2-5),it follows that any three of the scattering matrices can be expressed
in terms of the fourth. Thus, for example,

S(AB; HV) = U(AB; HV) S(HV; HV) U¥HV; HV), (2.2-8)
S(HV; AB) = U(HV; HV) S(HV; HV) U¥HV; AB), (2.2-9)
S(AB; AB) = U(AB; HV) S(HV; HV) U¥HV; AB).} (2.2-10)

'More generally, S(AB; JK) = U(AB; HV) S(HV; HV) U¥HV; JK), where
JK indicates an arbitrary basis. U(HV; HV) and U¥(HV; HV) have been
included above for consistency. (They are each equal to the identity matrix).
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This means that if S(HV; HV) is known completely any scattering
matrix can be calculated from it. Since the elements of S(HV; HV) are
complex numbers, there will be eight real numbers (four magnitudes,
four phases) required to specify S(HV; HV) completely. This is reduced
from eight to seven because only relative phase differences can be calcu-
lated. It is further reduced to five for back-scattering because of the re-
ciprocity theorem' and the conservation of energy principlez.

To recapitulate, assume that ,s(HH) , |s(HV) ', s(VV) s(AH)
‘S(AV) ' are known; from these quantities the differences of phases (or
relative arguments) of s(HH), s(HV), s(VH), and s(VV) can be determined,
i.e., the complete matrix

) 2

s(HH) s(HV)
S(HV; HV) = (2.2-11)
s(VH) s(VV)

can be found.

lre ™1 =i . .. . >g >3
If E1l and E‘2 are two given incident electric vectors, and E] and Ej
are the respective scattered electric vectors, then the reciprocity theorem

states that
ES.Eb - ES . B

1
2822 s OF

ES(H) E5(H) + ES(V) E5(V) = ES(H) EY(H) + ES(V) E3 (V).

If Equation (2.2-2) is used to state this theorem entirely in terms of the
components of the incident vectors, it follows that

strv) (L) S -ES v EL ) = sven (B} v) Bbem -Eb v Edemn)
or
s(HV) = s(VH).

From this equality and Equations (2.2-8), (2.2-9),and (2. 2-10), it follows
that s(1J) = s(JI) for I # J.

2Because energy must be conserved it follows that
0(KA) + ¢(KB) = ¢(KH) + o(KV),
where K may be H, V, A, or B.
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Since s(1J) and u(LJ) may be written:
s(13) = | s(1) | €101
(2.2-12)
w(1d) = |u(Ly) | 1409
it follows from Equation (2.2-8) that
|s(am|? = | w(AH) s(HE) + (A V) s(VE)|*
- |u(am) s(HR) [*+ wAV) s(VE) |*+ 2| w(AB) w(AV) s(EH) s(VE)|
X cos [G(HH) - 6(VH) + 9(AH) —¢(AV)] : (2.2-13)
Therefore,

seam P -lwam sm|* - luav) stve
cos [Q(HH) -8(VH) +¢(AH) -d’(AV)] = Z’u(AH) 2(AV) s(HH) S(VH)‘ s

(2.2-14)

where 6(1J) = arg s(IJ) and ¢(1J) = arg u(1J).

Similarly,

sav)*- luam st |- luavy sovn |2
2 ’u(AH) u(AV)s(HV)s(VV) ‘

(2.2-15)

cos [G(HV)-0(VV)+¢>(AH)-—¢(AV)] = I

An expression for the difference 6(HH) - 6(VV) may be obtained from
Equations (2. 2-14) and(2.2-15). A check for this difference can be ob-
tained by assuming that o(AA) is known; then the difference 8(HH) - 8(VV)
can be calculated directly as a function of |s(AA) |, ]s(HH) s(VV) l,
and the u(1J).

E]

The above argument may be summarized in the theorem: If o(HH),
o(HV), o(VV), o(AH), and o(AV) are given, then the matrix S(HV; HV) can
be determined to within an arbitrary phase factor; and from S(HV; HV) any
scattering matrix can be found.
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3

APPROACH TO THE MULTIPLE-COMPONENT BODY PROBLEM
(Unclassified)

In Section 2 it was shown that for a single simple geometric shape,
or a complex shape considered as a unit, the scattering matrix S(HV ; HV)
can be completely specified from a knowledge of the five radar cross-
sections o(HH), o(HV), ¢(VV), o(AH), and o(AV).

However, in an analytic treatment of the scattering matrix for a
complex configuration consisting of many components, each of which is a
simple geometric shape, a somewhat different approach must be used
since component-wise calculation of cross-sections does not furnish in-
formation as to phase differences between different parts of the target.

It is reasonable to assume that for each component of the scattering body
expressions for certain of the s(IJ) may be obtained directly from ex-
pressions for the scattered fields in terms of the incident fields. Then,
to find certain o(1J) [to be given below] as fairly smooth functions of
aspect, and to minimize computational labor, an average with respect

to phase is made over the set of components of the scatterer. Such an
averaging procedure assumes random phase relations among scattered
fields of the components, and requires a knowledge of nine' real numbers
for the determination of arbitrary «(IJ).

That only nine real numbers are needed may be seen as follows: Let

u¥(HJ)
s(17) = (u(IH) u(IV)) S(HV ; HV) (3-1)
u¥(VJ)

represent, for the entire scattering body, any of the linear relations
among elements indicated by Equations (2. 2-8), (2.2-9), or (2.2-10). The

!By the reciprocity relation; without reciprocity, 16 real numbers
would have to be known.
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2
s(IJ). is then

averaged quantity

2

s(1J) s(1J) s¥(1J)

1

(w(IH)u(1v)) ® (u*(IH)u¥(IV)) S(HV ; HV) ® S*(HV ; HV)

u®(HJ) u(HJ)
® (3-2)

u¥(vJ) u(VJ)

where (¥) indicates a direct (or Kronecker) matrix product!’ ? and the
bar indicates phase-averaged matrix elements. Let a, p denote any of
the values HH, HV, VH, VV; if s(a) = r% sm(a) where the sum is taken

over the set of components of the entire scattering body, then the ex-
pressions s(a)s®(B) in the right hand member of Equation (3-2) are
given by

!The definition of a direct (or Kronecker) matrix product is illus-
trated by the example

2P 2P 2P 2P 5P 21sPp;
a1 %12 %13 b Pr2 ab 200 2150 210 213%1 21302
1 %2 %3 b1 P L1000 31P1 22P 222P12 2231 223012

100 1% 2% 250 23%1 23 zzJ

In Equation (3-2) the following theorem has been used:
(ABC) ® (DEF)= (A ® D)(B ® E)(C ® F)

where A,B,C,D, E, F are matrices of suitable dimensions. As applied
in Equation (3-2) it should be noted that s(IJ)s%*(1J) = s(IJ) ® s¥(1J).
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s(a)s¥(B)

Zsm(a)snﬁ(ﬁ) = Zsm(ﬂ)snﬂﬁ)

m,n m, n

i [6ma) - 64(8)]
e . (3-3)

D |sm@snte)
m,n

Since it is assumed that random phase relations obtain among scattered
fields of the components, the last sum is zero for m # n. Hence,
Equation (3-3) becomes

s(a)s¥() = > snla)sif(p) . (3-4)

n

Thus to obtain an element of the form ls(IJ)I 2 = ¢(IJ) it is necessary
and sufficient to know a certain set of quantities sp(a)sp’(f) for each
component. Since a and f may take any of the values HH, HV, VH, VV
it will be necessary to know a set of six quantities, three of which are
real, three complex (Eq. 3-5).

The matrix

S(HV ; HV) ® S¥%(HV ; HV)

[ S(HH)s™(HH) s(HH)s™HV) s(HV)s™HH) s(HV)sHHV) |

s(HH)s*(VH) s(HH)s®*(VV) s(HV)s®*(VH) s(HV)s®(VV)
= (3-5)
s(VH)s¥(HH) s(VH)s®HV) s(VV)s¥HH) s(VV)s*(HV)

_s(VH)s¥(VH) s(VH)s*(VV) s(VV)s*(VH) s(VV)s¥(VV)_

is of course not a scattering matrix. It is made up of the direct product
of two scattering matrices, and will be called an S @ S* - MATRIX.
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Assuming reciprocity, and taking into account that [sp(a)sp™®(B )]‘ =
sn™(a)sp(B), it follows from Equations (3-4)and (3-5)that is necessary
and sufficient to know the six numbers

sp(HH)sp™(HH), sp(VH)sp¥(VH), sp(VV)sp™(VV),
sp(HH)s ¥ (VH), sp(HH)s,*(VV), snp(VV)sp®(VH)

. . P— -
for each n (component of the body) in order to determine an S ® ST -

matrix and hence the elements |s(1J)|

A numerical example of an S (¥) S* - matrix and of its use in find-
ing arbitrary cross-polarization radar cross-sections is given in Part II,
Section A. 4.
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4

INDEPENDENT CROSS-SECTIONS APPROPRIATE TO

MULTIPLE-COMPONENT BODIES
(Unclassified)

It was shown in Section 3 that m could be obtained from the inde-
pendent set [s(HH) |2, [s(HV) |2, [s(VV)]2, s(HH) s¥(HV), s(HV)s*(VV),
and s(VV) s*(HH). In this section it will be shown how ¢(IJ) can be obtained
from a basic set of nine average effective cross-sections.

To do so, it is necessary to determine the most general set of basis
vectors ﬁ(A), ﬁ(B), in terms of ﬁ(H) and ﬁ(V). The orthogonality of ﬁ(A)
and P(B) requires that D(A) - $*(A) = 1 and H(B) - P¥(B) = 1. The most
general vectors satisfying these requirements are:

ﬁ(A) = eld)l cosaﬁ(H) + eld>2 sinafa\(V) s
B(B) -3 sinp p(H) + %4 cog BB(V)
There is the additional requirement f)‘(A) . 6*(8) =0, or

—el(d>1 REL cosasinf +e1(¢2- ®4) sinacosf = 0,

Thus, ¢; - ¢3 = ¢2 - ¢4, and a = B!. The values of the cross-sections
¢(AJ) and o(BJ) are not affected by multiplying P(A) and f)(B) by e-191 and
e143 respectively. As a result,the most general basis vectors which
need be considered are of the form

iy
B(A) = cosaP(H) + ¢ sinaP(V)

f)(B) = -sinafi(H) + eiy cosaﬁ(V) . (4-1)

A ctually there are other solutions but they do not result in increased
generality,
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The corresponding transformation matrices are:
el?

cosa sina cosa -sina
U(AB; HV) = . ; U(HV; AB) = .
-sina e!’cosa e"1sina e 1" cosa
(4-2)
Using Equations (2.2-8), (2.2-9),and (2.2-10), it follows that
s(AH) = cosas(HH)+eiysina s(HV),
S(AV) = cosas(HV) + ¢!’ sina s(VV),
1 . iv 1 2i7 .
s(AB) = "3 sin2as(HH)+e¢" ' cos2a s(HV)+Ee sin2as(VV) . (4-3)

Taking the squares of the magnitudes of Equation (4-3) yields:

ls(AH)l‘2 = cosza's(HH)|Z+ sina ‘s(HV),2 + sin2acos ¥ Re s¥(HH) s(HV)
- sin2 a sin? Im s®*(HH) s(HV),
[s(AV)|2 = cos?a |s(HV) 2 + sin?a |s(VV) 2 + sin2a cos? Re s¥(HV) s(VV)

sin2asin? Im s¥*(HV) s(VV),
’s(AB) |2 = %sin2 2a|s(HH)|? + cos®2a |s(HV)‘2 + i sin®2a [s(VV) \2
- %sin‘la cos? Re s*(HH) s(HV) + %sin‘lasinv Im s¥(HH) s(HV)
- Lsin?2acos 27 Re s*(HH) s(VV) + ~sin®2asin2 ? Im s*(HH) s(VV)
2 2
+ —;-sin4a cos? Re s¥(HV) s(VV) - %sin4asin?’ Im s¥(HV) s(VV) ,

(4-4)
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where Re and Im refer respectively to the real and imaginary part of
the quantity they precede.

The squares of the magnitudes of the other elements are obtained
from the conservation of energy relations, together with the reciprocity
relation s(1J) = s(JI):

oy

s(BH)|% = |s(HH)|? + |s(HV)|% - |s(AH)

o

s(BV)|2 = |s(HV)|2 + |s(VV)|% - |s(AV)

o

s(AA)|2 = |s(AH)|2 + |s(AV)|% - |s(AB)

oo

s(BB)|2 = |s(BH) |2 + |s(BV)|? - |s(AB) (4-5)

For a = 459, 7 = 90°, let A=L and B =R. For a = 459, 7 = 00, let
A=+and B=-, Fora=459 7?=459 letA =A, B=P. The polariza-
tions H, V, L, R, 4+, -, A, P, being considered are shown in Figure 4-1.

| AR
N O
NS

+ -

FIG. 4-1 POLARIZATIONS H, V, L, R, +, =, A, P

CONFIDENTIAL



CONFIDENTIAL

UNIVERSITY OF MICHIGAN

2260-6-T

Then it follows from Equation (4-4) that
|S(LE|2 = 5 [s(HE)|? + 5 [s(HV)|? - Im s*(HH) s(HV)
|s(LV)|2 =% [s(EV)|2 + 5 [s(VW)[2 - Im S¥(HV) s(VV)
|s(LR)|2 =% |s(HH)|? +% [s(vv)|2 +% Re s*(HH) s(VV)

s(+H)|2 —;- |s(HH)|2 +% |s(HV)|? + Re s%(HH) s(HV)

S(+V)|2 = 3 [S(HV)|2 +2 [s(VV)[2 + Re s¥(HV) s(VV)

s(AP)|2 =;11— ‘s(HH)|2 +% ;s(VV)yz + % Im s*(HH) s(VV) .

(4-6)

If the scattering matrix S(HV; HV) has been obtained, then from S and
Equation (4-6), the cross-sections o(HH), o(HV), o(VV), o(LH), o(LV),
o(LR), o(+H), o(+V), and o(AP) can be found. From these nine cross-
sections the cross-sections for all other polarization combinations may
be obtained by using Equations (4-4), (4-5), and(4-6). Use of Equation

(4-6) in Equation (4-4) gives

1
o(AH) = l:cosza —Esianx(sinv +cos7)j| o(HH)
.2 1 . .
+ |sin a--2—s1n2a(s1n7+cos7) o(HV)
+ sin2acos” ¢(+H) + sin2asin? o(LH) ,
1
o(AV) = [cosza -5 sin2a(sin? + cos V)jl o(HV)
1
+ [sinza -3 sin2 a(sin? + cos“/):| a(VV)

+ sin2acos? ¢(+V) + sin2asin? o(LV) ,

(4-7)
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sin2 2 a(l+cos2? -sin2?) [O'(HH) + O'(VV)]

|

o(AB) =

+% sin4a(sin? +cos 7) [U(HH) - cr(VV)] +% sin4a cos? [o‘(+V) - 0'(+H)}

+ % sinda sin?’[o-(LV) - o-(LH)] +cos®2ac(HV)+sin2asin2? o(AP)

- sin®2acos 27 ¢(LR).
From Equation (4-5):
o(BH) = o(HH) + o(HV) - o(AH) ,
o(BV) = ¢(HV) + o(VV) - ¢(AV) ,
o(AA) = o(AH) + o(AV) - ¢(AB) ,
o(BB) = ¢(BH) + o(BV) - ¢(AB); (4-8)

and by reciprocity,

oc(HA) = ¢(AH), o(HB) = ¢(BH),
o(VA) = ¢(AV), o(VB) = ¢(BV),
o(BA) = o(AB) . (4-9)

Equations (4-7), (4-8), and (4-9) give all of the cross-polarization
cross-sections of interest except ones of the form 0(AJ) where A and J
are polarization vectors from different bases. These can be obtained by
using the S (X) S* - matrix defined in the preceding section. The ele-
ments of the S (X) S* - matrix can be obtained from Equation (4-6) and
the cross-section can be obtained from the S &) S* - matrix defined in
Equation (3-5),
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POLARIZATION EFFECTS AND THE PHYSICAL
OPTICS APPROXIMATION
(Unclassified)
No REPOLARIZATION! effects obtain when physical optics is used
in computing the monostatic single scattering cross-sections. However,

the physical optics approximation does yield repolarization effects for
monostatic multiple scattering cross-sections.

Since the assumptions?’ ? of physical optics are employed in this re-
port, according to the methods of Reference 1, to obtain cross-sections
for many simple shapes representing component parts of an aircraft, it
is necessary to consider the degree to which the physical optics approxi-
mation agrees with experiment and with exact solutions when available.

For arbitrary directions of incidence on a general body, if any radius
of curvature of the body is of the order of a wavelength in the neighbor-
hood of a stationary phase point, neither the physical optics prediction of
no repolarization nor its prediction of magnitude should be accepted with-
out further investigation. Likewise in those cases where any radius of

'Repolarization is said to occur when S(HV; HV) is not of the form<2 o).

2A simple and commonly used assumption for a body possessing
principal radii of curvature R; and R, which are everywhere large com-
pared to a wavelength is, as stated in Reference 2, p. 462, that"... the
induced currents and fields radiated from any infinitesimal unit of area
are very nearly those which would be obtained from the same area if it
were part of an infinite plane, tangent to the surface at the location of the
element of area. The currents and fields on the surface are determined
by the boundary condition that the surface magnetic field is entirely tan-
gential and is twice the tangential component of the magnetic field of the
incident wave."

3For a detailed discussion of the assumptions of physical optics see
Reference 16, p.9.
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curvature is less than the wavelength, the assumptions of physical optics
make the results suspect, although other considerations for a particular
case may show the results to be quite acceptable. For example, for the
Poynting vector incident along the axis of symmetry of a perfectly conduc-
ting surface of revolution, the physical optics indications of no repolari-
zation are valid. Such validity may most easily be seen from an analysis
of the boundary value problem involved.

Smce the boundary cond1t1ons may be given in terms of E alone, and
since H is given in terms of E by Maxwell's equatlons the problem of a
perfect conductor may be stated in terms of E alone. The wave equation
for E and the boundary conditions are unchanged by reflection in the plane
P containing the incident Poyntmg vector and the incident electric field.
Therefore, to any solution for ES with components normal to P, there
must correspond another solution with normal components cancellmg
these. Since two solutions are impossible by uniqueness, ES must lie in
P. Thus there is no repolarization. So the validity of the application of
physical optics for the Poynting vector incident along the axis of symmetry
of a perfectly conducting surface of revolution will be a question of magni-
tude only.

It has been observed that for the case of a cone or a paraboloid of
revolution with the transmitter and receiver on the axis of symmetry the
physical optics answer agrees both with experimental results and with
the exact theory, as illustrated in References 7 and 16. Further, it has
been found (Ref. 8) that the geometric optics fields for the infinite dihedral
agree with the exact fields for dihedral angles of 7/n, n=1, 2, ..., and
that the geometric and physical optics fields are in agreement for these
cases.

These results suggest that the physical optics cross-section may be
expected to agree fairly well with the exact solution for a wider range of
objects than the large-principal-radii criterion would indicate.

It is, of course, not necessary to be limited to the particular method
discussed above. A different assumption (as in Kerr's example of the
finite cylinder) is that the exact solution for a similar problem (in Kerr's
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case the infinite cylinder) may be used as a guide for the assumed field
at the surface of the scatterer. It would seem reasonable to expect this
solution to be a good approximation as long as it is used advisedly.

Another approximate method has been suggested by Fock (Ref. 9).
It is limited only by the restrictions that the scatterer be convex and the
radii of curvature be much greater than the wavelength, so that it is
applicable to a wide variety of scatterers and will yield both scattered
magnitude and polarization information.

For those components of a scattering body to which physical optics
applies it may be assumed that the scattering matrix S(HV; HV) has the
form

S(HV; HV) = (é (1)> s(HH) . (5-1)
From this relation the scattering matrices S(LR; HV), S(HV; LR), and
S(LR; LR) may be determined from Equations (2. 2-8), (2. 2-9), (2.2-10),
and (4-2) by putting A=L, B=R, a=45%and 7= 90°, The unitary trans-
formation matrices U(LR; HV) and U(HV; LR) involved here are given by
[from Equation (4-2) with a = 45°, 7 = 90°]

1 -1
U(LR; HV) '———'< > U(HV; LR) = '——‘-< . (5-2)
-i

Hence,
b s(HH)
S(LR; HV) = , (5-3a)
( ) <_1 i /N2
Lo-1 s(HH)
S(HV; LR) = —_ (5-3Db)
i i/ N2

0 -1
S(LR; LR) = < >S(HH) . (5-3c)
-1 0
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It follows from Equations (5-3 and 4-6) that, for the nine cross-
sections of interest (as given in Sec. 4), the following relations hold
where physical optics reasoning is applied:

o(HH) = ¢(VV) = ¢(LR), (5-4a)
o(HV) = 0, [O'(RR) =g(LL) =0 also] s (5-4Db)

o(LH) = o(LV) = o(+H) = ¢(+V) = o(AP) = —;— o(HH). (5-4c)
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CROSS-POLARIZATION CROSS-SECTIONS OF WEDGES
(Unclassified)

The trailing edges of wing and tail assemblies of modern aircraft,
in particular the B-47 aircraft, are thin and sharp enough to warrant
simulation by wedge, or tapered wedge, shapes. Since sharp edges
will, in general, give rise to repolarization, such edges are considered
in this section.

6.1 GENERAL THEORY

Consider an infinite perfectly conducting wedge whose edge lies
along the z-axis and whose intersection with the xy-plane makes an
angle ¢, with the positive x-axis.

o

FIG. 6.1-1 WEDGE COORDINATE SYSTEM
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To find the total electric field for arbitrary incidence it is neces-
sary to solve the equation’

(v> +k%) E = 0, (6.1-1)

subject to a radiation condition at infinity and to the conditions
v- E=0, inspace, (6.1-2)
AxE- 0, at the body, (6.1-3)

where fi is a unit exterior normal to the body.

In free space the electric and magnetic fields Eand H satisfy
Maxwell's equations

ty

S

VxE = - o

ot '’

0

H=0
ot * "7 -

.. -
V. E=0 VxH-=

O |-~
0 |-

ot

where c is the velocity of light. These equations can,of course, be re-
duced to

1 2% 1 21
Vzﬁ=7 ——2~, V'§=0 VZ—I'T=—— g——H—, V'ﬁ=0.
e at et 5tl

If ﬁis time harmonic, i.e., ﬁ(x, y,z,t) = _ﬁ(x, y,2) e-lwt, the equations
for E reduce to Equations (6.1-1) and (6. 1-2) with

k =

s

ole

_2m
A

wheri)\ is wavelength. If the scattering body is perfectly conducting,
then E obeys Equation (6. 1-3),
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Let the direction of incidence be restricted to the xy-plane with
polarizations (a) perpendicular to, and (b) parallel to the edge of the
wedge. Then Equations (6. 1-1)and (6. 1-2)are satisfied if E has the
form

kvir, e
or
LocuriRw

ﬁ{— cur (r: ¢) P)
where

2 2 _nl

(v® + k%) v(r,¢)=0". (6.1-4)

The form E-=- 1/ik curl 1/2 ¥(r, ¢) suffices for case (a) with Equation

(6. 1-3) implying the condition

0
—_ + =0 . 1-
p p(r, X ¢5) (6.1-5)

-~ A
Case (b) requires the form E =k ¥(r,¢) with Equation (6. 1-3) implying
the condition

Wi, £ 95)=0. (6.1-6)

In a recent paper (Ref. 10) F. Oberhettinger obtained expressions
for the Green's functions for the wave equation for the conditions
(6.1-5)and (6. 1-6). Let Q(p, v + ¢,) be the intersection with the xy-plane

A cylindrical coordinate system, r, ¢, Z, is used throughout this
section. Unit vectors for these directions are ? é , k. The unit vector
designating polarization perpendicular to the edge of the wedge is 6(a) =
$, and the unit vector designating polarization parallel to the edge of

the wedge is S(b) = k.
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of a line source parallel to the edge of the wedge and P(r, ¢ +9,) be a
point outside the wedge. Oberhettinger expresses the incident cyhndrl—
cal wave in the form

¢(i) (2)( -kR) = — Ko(BR) = — K [B( Z+p -2rp cos(¢-*/))1/2:J

(6.1-7)

where k has been put equal to if. This equation is expanded in the
form

0

4i
Y1) = Z L K (Br)K,,(Bp) cosh [t(w -1¢-m] ds, (6.1-8)

where KH(Z) is the modified Hankel function defined by

1 2 (2) 2
KP' (Z) = -E ire HP- Ze .

The total field 1!)( t) is given as the sum of the incident field w(i) and the
reflected field ¥ :

'//(t) = l/’(i) + ¥ . (6.1-9)

The reflected field can be represented in a form similar to Equation
(6.1-8)

e}

4 o+ o _
¢’=—Tr% lez(Br)Klf(ﬁp) fl(g-)e O)+f2(§')e 4’(¢+¢O)

0

d¢,
(6.1-10)
where, by using Equations (6. 1-8)and (6. 1-9), f) and f, are given by

fl(t) - fz(z) L"Sil’lh[t(" B ¢O)]

(6.1-11)
f1(2) 924‘% -f(¢) e 2¢% _ sinh [C(n +y - ¢o)] ,
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for condition (6.1-5), and by

f,(¢) +£2(¢) = - cosh [t(w -7- ¢0)}

2¢4, 2t9,

- (6.1-12)
£f1(¢)e +15(¢)e - —cosh[t('rr+7-¢o)] ,

for condition (6. 1-6).

To determine radar cross-sections, the reflected fields must be
found for conditions (6.1-5) and (6.1-6). In particular for condition
(6.1-6) it follows from Equation (6. 1-12) that

[~ <]

- ?- | Kig () Ksetop) A2

where

1
L — P i - -7
A(2) sinh 224, {smh:ncosht(¢+7)+smh:(2¢0 m) cosh ¢ (¢ )}

or
0

v i.j e-twlﬁgJ(kr)}é;)(kp)A(é)dt. (6.1-13)
0

1]

If the %oint Q(p, ¥ + ¢,) defined above is moved to infinity, the Hankel
function Hizl) (k p) may be replaced’ by its asymptotic value

!This is justified in Section 6. 2.
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To express Equation (6. 1-13) in a manner appropriate to the form
. -ikr cos(¢ -7)

1
Al

for an incoming plane wave, the asymptotic expansion of
(k p) must be divided by the asymptotic expression

. T
) l/—z‘ e1kp ol ikr cos(¢ -7)
mkp

-ikr cos(¢ -7)

of Equation (6. 1-7) and multiplied by e Thus Equation

(6.1-13) becomes for incident polarization (b) parallel to the edge of

the wedge,

P _im
T2

et

0

B ke)a(2)ac (6.1-14)

If it is further assumed that the value of r is very large, an asymptotic

expansion can be substituted for the Hankel function in Equation (6. 1-14)
P |

giving

o) . ikr+%lfo
v = - me 0 A(¢)d¢

The remaining integral is convergent and may be evaluated for

200> wt| ¢+
20,2126, -7 |+ |¢ -7
to give (Ref. 11, page 55),
ikr+—1T—i 2
)L ) £lL 1] .
AP zog Vi e A+ B std’o (6.1-15)

'This is justified in Section 6. 2.
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2
where A = cos mi$+7) L
29, 29,
2
and B = cos (¢ -7) - COS ——
2¢, 2¢0

Using condition (6. 1-5) and Equation (6.1-11) it can be shown for
incident polarization (a) perpendicular to the edge of the wedge that

ikr +£ 2
(a)~ ___l ﬁr_ 4 l - l 1 ___Tr -
AN e I/ T e A B sin 20, . (6.1-16)

6.2 REMARK ON THE USE OF ASYMPTOTIC EXPANSIONS OF
HANKEL FUNCTIONS IN THE INTEGRAL REPRESENTATION

OF THE SCATTERED FIELD FOR A WEDGE

The purpose of this section is the justification of the replacement of the Hankel
functions by their asymptotic expansions in the integral
o0
- 1 1
[ e tm 60y B (ep) A2 a (6.2-1)
0

1 .
Since the Hankel function Hgt)(kr) has the representation

s
Z_ o
HS )(kr) = Z——e———— Jelkr cosh t cos¢t dt, (6.2-2)
wi 0
and since the asymptotic form
. tmowi
ikr + >—- —
1
l/"irg- 2 o rﬁgkkr)
has the representation
o
. twowi ¢wimw ir K ht
ikr + > " 7+—4~ (1) 2 ikr cos 1
e cosh ) t dt,

2 2 _2e
|/ = = e HI/Z (kr) = —= .
(6.2-3)
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it will suffice to consider the problem of obtaining a bound for the expression

je tkr cosht \ h t/2 - cos ¢ t) dt | . (6.2-4)
0

More generally, if f(t) and g(t) are real valued functions such that g(t)/f'(t) is of
bounded variation and such that g(«)/f'(<) = 0, then

°0 ) 0

i(t) _if(0) g(0) | _ jif(t)d g(t) j d [glt) ]
(Je glt)dt - ie" T s | = IS [f,(t)]dt Soa[m} dt. (6.2-5)

Taking f(t) = kr cosh t and g(t) = cosh 1/2t - cos ¢ t it follows that the problem of
bounding the expression (6.2-4) becomes the problem of bounding

I——I-J i[cosh t/2 -cosé‘t:| dt; (6.2-6)

kr 0 dt sinh t

and this is done as follows:

. I | .
smht(z— sinh Zt + ¢ sin tt) - cosht(cosh%t - cos ¢ t)
dt

krl =

ot—g

sinh® t

cosh—t -cos¢t Icosht

1 1
j’-o—sinhzt \ +

> ¢ sin gt' ®
dt +j dt
D sinh t b sinh t
1 1 .
oozsmhztdt Y ’;sm;t}dt
< 1 1 F I ]
0 Zsmhztcoshzt b Zsmhztcoshzt
1
% ’coshgt - coszt' cosht dt
+ f 5 =Il+I2+I3 . (6.2-7)
0 sinh® t
Each of I, IZ’ I3 may be either bounded or evaluated in finite form:
® 2
=lf T [ <p2 Ftdt _¢om
=3 t 8 2 f 2
0 cosh > t cosh =t
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1

co(coshzt-cosU)coshtdt 1
e SIS LT L
0 sinh? t
Therefore,
_4m . ¢moowi
ikr - 2—-—
2 (1) 2 2 4 ™ 2
< — -
(kr) - [/ —— e SI<g—(3+44+ 42%) (6.2-8)

A similar bound can be given in the case of the remaining Hankel function of Equation
(6.2-1) for the difference between it and its asymptotic expansion.

Finally, since every term of A(¢) is of the form
M e

ev{ -v¢

-e

, r>p0,

it can be seen that by using Equation (6. 2-8) a bound which goes to zero as 1/rp for
large r and p may be given for

® . ¢ owi
- 1kr+ 1kp+___
L e - 2 ><<;)(k . nkp" 2 )y

0

1This integration is performed as follows: on pages 142 and 163 of Reference 11 the
integrals

®© cos ax - cos bx dx cosh:—Z—
| e s
. L AT
0 sinh cx X cosh—
)
f cossil;:xcx- l d?x = - log (COS%:—) , c>lal , are given .

Put a= 0 in the first of these formulas and add:

b

o cosh ax - cos bx dx coshf
— =1o ;

inh X i cos am

0 sinh cx e

differentiate withrespectto c and seta = 1/2, b =¢, ¢ = 1:

1
J(COSh t - cos;t) cosh t

0 sinh2 t

fw {w
= h —.
+ p tan >

dt =

L

CONFIDENTIAL



CONFIDENTIAL

UNIVERSITY OF MICHIGAN

2260-6-T

6.3 ELECTRIC FIELDS FOR LINEAR POLARIZATIONS

Let the incident field be polarized perpendicular to the edge of the
wedge. Then the scattered electric field for the infinite wedge is given

by
ikr+—1ri 2
>sf(a) 1 A (a) ~ 1 2T 4 T 1 1 3
- = AN B .3-1
E T kxpp'sl= 20, l/ r © sin (6 a)

where A and B are given by Equation (6. 1-15).

. i
ikr + —
2w

If w(a) is written as w‘a) =D Pl 4 f(¢), then

ikr+"—i 23 ikr+"—i
(a) = 1 _Zle 4 - .l ﬂ 2 e 4 A
vy D £(¢) 1k|/ r VT r

-i ikr+£
2 2 A
+ D L r € 4f'(¢)¢

can be approximated, for very large r, by
; mi
N ) ikr + ==
vv(@)=ixp Vi e % 1(6) = ikp(@)}
in Equation (6. 3-1a).

If the incident field is polarized parallel to the edge of the wedge,
the scattered electric field for the infinite wedge is given by
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6.4 ELECTRIC FIELDS FOR ARBITRARY POLARIZATIONS

If the incident field, with direction of incidence in a plane normal
to the edge of the wedge, has an arbitrary polarization, i.e., if

a9 AN
Bl - Bla)(-1sin7+ 5 cos?) + Eb)K = E(a)é + E(b)k,  (6.4-1a)
the scattered field is a linear combination of Equations (6. 3-1a) and

(6.3-1b):

mi

i — A A

s 1z BTtL 12 |E@3-Emk E@)-Ek
" 460V kr S 24, A B

E

(6.4-1b)
It was shown in Section A. 2. 8 of Reference 1 that to go from the
field for an infinite wedge to the field for the class of finite wedges
whose current distributions are/the same near the vertex involves only
-imw/4
the multiplicative factor —L—e——— , where L is the length of the finite
Vri
wedge. Thus, if the incident electric field is of the form (6.4-1a),
Equation (6.4-1b) becomes for a wedge of length L:
i A A A A
>S Lelkr . m% | E(a)p - E(b)k _E(a)¢ + E(b)k

6. 4-2
B = ey S 26, A B (6.4-2)

6.5 CROSS-SECTIONS FOR LINEAR POLARIZATIONS

The effective cross-sections o for the finite wedge can now be
given for the cases where the transmitted and received radiation is of
arbitrary polarization and the direction of incidence still in a plane
perpendicular to the edge of the wedge. The definition of effective
cross-section is, as given before by Equation (2 -6),

BS. 5|2
¢ = lim 4mr2 -\ip , (6.5-1)
> E

where f)\ is a unit vector denoting the receiver polarization.
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i A A
For example, if o E(b)k and /13 = f}(b) = k, then

ikr 2
KW Lel . T 1 1 A

= - bt - b k 6. 5‘2
E zogr ° 20 [A +B:| E(b) (6.5-2)
and :

2 2 2
L .2 1 1
- = |4z .5-3
o(bb) 4%2 sin 29, I:A +B.J , (6 )

where o(bb) indicates that both the transmitted and received polariza-
tions are in a direction parallel to the edge of the wedge.

ad A AN .
If B = E(b)k andﬁ = fJ\(a) = -/i\ siny + jcos v, then ES is as in
Equation (6.5-2) and

o(ab) =0, (6.5-4)

where o(ab) means that the transmitted and received polarizations are
respectively parallel and perpendicular to the edge of the wedge. When
the transmitted and received polarizations are bf)\t.h in a dir/sction per-
pendicular to the edge of the wedge, i.e., when E! = E(a)(-i sin? +jcos 7)
and 6 = f)\(a) =4 sin 7 +f]'\cos ¥, then

ikr 2 N
ge L™ w21 174 _
E™ = 2o s1n2¢’0 2B E(a)¢ (6.5-5)
and - -
2 2 T2
mL . 2w 1 1 2
- LU -7) . 6.5-6
o(aa) EZ— sin 29, _A B_ cos“(¢-7) ( )

6.6 CROSS-SECTIONS FOR CIRCULAR POLARIZATIONS

For circularly polarized transmitted and received polarizations it
suffices to find o(Rb), ¢(Ra), and o(RR), where R indicates right circular
polarization. For incident radiation, unit vectors indicating right and
left circular polarization are respectively,
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1 [ A
NR) =— | (1 siny + Fcos?) + VT K ] , (6. 6-1a)
V2 L
/i\(L) =V_;— (-/i\ siny +/j\cos 7) - V-_lﬁ] (6. 6-1Db)

For sca/;ctered radiation, the unit vector system is interchanged, i.e.,
A A A A
SR)=1L) and (L) = 1R) .

1t % - E(R)NR) and P = P(R) =15(R), then
ikr 2
~s  E(R) Le . Al 1 1
E —VT. Ty s1n2¢o ¢|:A BJ V- lkl:A+B] (6.6-2)
and

2 2 2
_ 7L L2 1 1 1 _
c(RR) = 66 5 sin —‘2% (A B>COS(¢ 7) +<A B) . (6.6-3)

(o}

] A 1
IfE = E(b)k and /;\) = SS(R) = |:(-/i\ siny +/j\cos y)-ii\c:“/: , then E® is
as in Equation (6.5-2) and 2

2 2 2
«(Rb) = "LZ N LA [V S 1 R S (6. 6-4)
84, 29, 2

Flnally, if E 1s given by E = E(a)(- 1 siny N J cos7) and p by
PR)=1/V2 [(- A sinv +5 cosr)- 1@] then ES is given by Equation
(6.5-5) and

2 2 2
1 1
o(Ra) =~ sin? T | 2 -2 | cos?(6 - 7)=5o(aa).  (6.6-5)
84, A B 2

6.7 SUMMARY OF FORMULAS

For back-scattering, ¢ = » (direction of incidence still perpendicular
to the edge of the wedge) the effective cross-sections obtained in Sec-
tions 6.5 and 6.6 become:
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1 172
1. <r(bb)=M|:—+—:| 2 2
C'D M=TE g2 T
2. of(ab) =0
2
1 1 2
3, =M |=-=
°(aa) [:C D:| C = cos ~L + cos —— (6.7-1)
¢o 2¢O
M
4, O'(RR)=—-2'
4C
.n,Z
1 D=1-cos—
5. o(Rb) = 3 o(bb) 2¢,
6. o(Ra) = = r(aa)
. o(Ra) = > o(aa )

C and D are respectively the values of A and B of Equation (6. 1-15)
for ¢ =7 .,

6.8 COORDINATE SYSTEMS

To apply the formulas of section 6.7 to wedge-shaped components
of an airplane, the relations between the polar angles of the wedge and
of the airplane coordinate systems must be known. These relations are
derived in this section.

Let /iw, 3'\4, ﬁ‘ be a unit orthogonal set describing the airplane
/)\("‘/,\ y*, z* -axes, with ¢¥ and o® as polar angles in this system. Let
i, J, k be a unit orthogonal set describing the wedge axes, with ¢ and 0
as polar angles in this system; and suppose that the edge of the wedge
lies along the z-axis and that the wedge is symmetric with regard to
the xz-plane.

For a fixed aspect 8% it is desired to find the azimuth, ¢%, for
which the direction of incidence, ¢ = 7, is perpendicular to the edge of
the wedge.
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X

FIG. 6.8-1 WEDGE COORDINATE SYSTEM

Let i’ =

o*/z

FIG. 6.8-2 AIRCRAFT COORDINATE SYSTEM

(6.8-1)

A
Let the unit vector k in the direction of the edge of the wedge be given by

=
1

. A . . g Ax
sinacosBi” +sinasinfj +cosak

g AT AL
aj3i +a23J + az3 k.

(6.8-2)
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If the direction Vv of incidence is expressed by

A A A
{ = sin 6% cos ¢* 1%+ sin 6% sin % j"‘+ cos 8% k*, (6. 8-3)

then for some specified aspect 6¥, the azim/\uth/\fbi for which incidence
is perpendicular to the edge of the wedge (k - v = 0) is

cos (¢% - B) = - cot 6* cota, (6.8-4)
where a = arccos a33 and B = arctan az3/aj3 .

The angle ¢ = v for which incidence is perpendicular to the edge of
the wedge is given by

aj, sin 0% cosél + ay, sin 0¥ sinel + a3, COS o*

tan v = _ : . 6.8-5
an a)) sin6% cos¢} + a,, sin6%sin¢} + a3; cosO® ( )

For incidence slightly out of the normal plane, say by an amount
¢u, the cross-section will drop off approximately )\Z/SwZLZ(o u)2 (Cf.
Ref. 1, p. 129), that is

% hon-normal 2 2

A
=g T .
Thormal 81r‘2L‘2(¢5u)2

~

(6.8-6)

Thus it is possible to find éu for which Tnormal drops off by a given
amount!; it is from Equation (6. 8-6)
\

fu=——o (6.8-7)
2 }/Z_TrLg

It is now necessary to find the change in azimuth angle §¢* for which
Tnormal drops off by the fraction gz, that is, find §¢*® in terms of ¢ u.

'The amounts used for the computations later are g=1/2,1/10,1/100.
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From
sindu = aj3sin@® cos(¢L+6¢%)+ a, 3 sin o¥ sin(eX + 6¢4)+a33 cos 6%,
(6. 8-8)
it follows that

2
~ . s
du =al3s1n94 cos¢iQ - 2—) -ag; sinG“sin:ﬁf_W"

2
so®
2

+ay3sin 9"sin¢i(1 - ) + az3sin e*cosé_’f_ so¥ +a34CoS o*

oy

_~—=a33cos o* + 09% |:-al3sin 9"‘sin¢i+ a3 sin e"cosd’_*}_:l

du=az; cos O —— 5% l/sm ¥ - a3; - (6.8-9)

Solving Equation (6.8-9) for §¢* yields

- l/sinze" - a§3 + Vsinze" - a§3 + 2a33 cos 6% (su)
st = , (6.8-10)
a33cos 6%

and if sinze* - ag_,’ >> 2a34 €08 8* (su), Equation (6.8-10) gives

du

6.9 WEDGE S- MATRICES IN THE AIRPLANE COORDINATE SYSTEM

% = (6.8-11)

Let the designation of axes be as given in Section 6. 8 and the direc-
tion of incidence of energy on the airplane be as given by Equation (6. 8-3).
Horizontal polarization is taken to be polarization parallel to the ground,
i.e., in the xy-plane of the airplane coordinate system:
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A A A
P(H) = - 1% siné® + ¥ cos ¢% . (6.9-1)
Vertical polarization is perpendicular to horizontal polarization; hence
A

A AA A A
p(V) = v x p(H) = - cos 8% cos¢™ i ¥ - cos gsin ¢¥ i¥ +sing® k¥ .
(6.9-2)

The polarization directions f)\(a) and /ﬁ(b) of Section 6.5 may be
written in the airplane system as

A A A A A A A
I/J\(b)=sina cosB i¥ +sina sinp j¥ +cos ak“[=k =a13i"‘+a2334+a33 k“],
(6.9-3)
fa\(a) = {v\xf)\(b) = (sin8® sin¢® cos a - cos 6% sina sinB) i

A
+ (cos 8* sina cosB - sin 8% cos¢* cos q) I

+ (sin ™ cos ¢* sina sinp - sin 6% siné® sina cosp) ﬁ". (6.9-4)

_ _ ( u(Ha) u(Hb)
The matrix U= <u(Va) u(Vb)>

can now be given explicitly as

- 5in 6% cos a+cos 6% sina cos (¢ - B) -sin a sin(¢*-p)
U=
-sina sin(¢®*-3) sin 6% cos a - cos 8% sin acos(¢¥-p) /,
(6.9-5)

where the elements u(IJ) of the matrix are determined from the pre-
viously given relation u(IJ) = p(I) - p*(J). Since the direction of inci-
dence is to be perpendicular to the edge of the wedge, i.e., { is per-
pendicular to ﬁ(b ), the angle ¢% for which such perpendicularity occurs
(for fixed 6%, 4, B)is given by Equation (6. 8-4)
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cos(¢d - B) = -cot8® cota. (6.8-4)
For each such angle ¥, U reduces to
-cosacsc 8  -sina sin(¢¥ -B)
U - (6.9-6)

-sin a sin(¢¥ -B) cos a csc 6%

From Equation (6.4-2) the S-matrix S(ab ; ab) can be read off as

-2

1
0 -(=+
(6

(6.9-7)

5

Using Equation (6. 9-7) in conjunction with Equations (6.9-5)and
(2-10), the matrix S(HV ; HV) = U S(ab ; ab)U"' in the airplane co-
ordinate system for any wedge component of the airplane is

: ZCOSZQ_ l+l> sina cos a sin(¢*-B)
1 /M) 3 ek | Csin®6" \C D Csin 6*
S(HV;HV)=— ('—)
2w r sina cos a sin@*-p) 11 Zcosza
C sin 0% C D) Csiné®
(6.9-8)

where M, C, D, are given by Equation (6.7-1).
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CROSS-POLARIZATION CROSS-SECTIONS OF WIRE LOOPS
(Unclassified)

In addition to those sharp edges on an aircraft which must be repre-
sented by wedges there are, particularly for jet aircraft, sharp edges of
a circular or loop shape. Such circular sharp edges are represented by
wire loops which are discussed in this section.

7.1 GENERAL THEORY

As pointed out in Section A, 2. 10 of Reference 1, the scattered field
from a small straight piece of thin wire is similar to the field of a dipole.
It is of the form
A A A

d .
r X(I‘; ) (KT 4

-_
ES:=K , (7.1-1)

where d{is the length of the wire, ? is the unit vector to the field point,
r is the distance to the field point, and d is a unit vector along the wire.
K is a proportionality factor given by,

K=K (Bl- ) , (7.1-2)

where 61 is a unit vector giving the direction of polarization of the inci-
dent electric field and K; is a constant to be determined.

From the definition of cross-section given by Equation (2-6) the
cross-section of a small straight piece of thin wire is

2,A1 2
, K- a2 pr. g
|§i|z 2

o = 47r (d!)2 s (7.1-3)

where superscripts i and r denote transmitter and receiver polarizations
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respectively. If ﬁ (for both i and r) is parallel to the wire, (ﬁ . 3) = 1;
for this case (¢, =7, 7= 0) Equation (6. 5-3) gives for the cross-section

_ (dg)?
- m

’ (7- 1-4)

where, in Equation (6. 5-3), L has been replaced by df. Comparison of
Equations (7.1-3 and 7. 1-4) for this case (i.e., p parallel to wire) yields:

Hence the field Equation (7. 1-1) may be written as

ag ={§ii(ﬁi-3) . £x (£xd) ke 7 1-5)
ds 27 r ) (7.
To find the scattered field for a wire loop,an integration is made over
the loop;

~ ‘El l Ai I‘x(r X d) ,2ik
ES = o (pt- d) SRl elIRT gy
loop

The effective cross-section of a wire loop is then,since D - r=0,

>3 A

E®. pr
E

2 . 2
¢ = 4rr2 T T P R B U

loop

where p is the distance measured in the direction of incidence.

'To take into account the phase lag in making the round trip from
radar to wire and back, Equation (7. 1-1) has been multiplied by e 1KT to
obtain Equation (7.1-5).
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/, ¢ d
7/
/
/
Y /2
\ Y
| 0
I
I
! A
X : v
|
]
I
A AU A
a = radius of loop d = -isin¢ + jcos ¢
A N A
(fi\ = direction of dipole v = -isin® + kcos @
A . - A AT
v = direction of propagation a = a(icos¢ + jsin¢)

of incident plane wave

FIG. 7.1-1 COORDINATE SYSTEMS FOR A WIRE LOOP

Consider a loop of radius a in the xy-plane with center at the origin
Figure 7.1-1. On the Wn;\e X ;\acos¢ y = asin¢; thus df = a d ¢; and the
direction of the dipole is d = -isin¢ + JCOS ¢A Let t}}\e direction of inci-
dence be in the xz plane and be given by ¢ = 1sin6 -k cos 8; this makes

p=(xi+y] .9 =asin® cos¢. Let two perpendicular directions of polari-
zation be given by:
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A A . A N . '
p(A) =icos®siny +jcos? +ksin®sin? , (7.1-17)
A A AL A
p(B) = 1cos@cos? -jsin? +ksin@cos? , (7.1-8)

where 7 is the angle between the polarization vector and the y-axis.
Right- and left-circular polarization directions can then be given re-
spectively by:

ﬁ(R) = e 17 ['i\(i cos 9)+{j\+ﬁ(i sin 9)] s (7.1-9)

1
N2~

f)(L) = eiy [-/i\(i cos 9)+/j\-ﬁ(isin9)] . (7.1-10)

7.2 CROSS-SECTION FORMULAS

Formulas for the following effective cross-sections have been deter-
mined: o(AA), o(BB), ¢(AB), ¢(AR), ¢(BR), and o(RR); in o(1J), I and J
denote receiver and transmitter polarization respectively. For example,
using Equations (7.1-6) and (7.1-7), o(AA) is given by:

2| & 2

oc(AA) =:— j(coscﬁ cos? -sin¢ sin? cos 9)2 ,2ikasin@cos¢ 4¢
0

2

= 1a (sinZY cos29+cos27) Jo(2ka sin 8)

2

2y cos?0 - cos®y) Jp(2kasin@)| . (7.2-1)

+ (sin

In a similar fashion the remaining formulas are found to be

2

«(BB) = 1a% |(cos?8 cos?7 - sin®y) J,(2ka sin6)

2
+ (cos20 cos?7 +siny) JO(ZkasinG)‘ , (7.2-2)
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2
o(AB) = 1a®siny cos2y|(1 +c0s%0) J,(2ka sin 6) - sin?e Jo(2kasin@) |*

(7.2-3)
ra® 2
¢(AR) = > (icos™@sin? - cos?) J,(2ka sin 6)
; 20 i : 2
+ (icos “8sin? +cos?) Jp(2ka sin 0) s (7.2-4)
ra’ 2
o(BR) =T (icos“0 cos? +sin?) J,(2ka sin )
. 2 . . 2
+ (i cos“@ cos? - sin?) Jo(2kasin®)| (7.2-5)

2
d(RR) =%—’(-cosze-l)J2(2kasin9)+(-c0829+1)J0(2kasin9) 2. (7.2-6)
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DIHEDRAL SCATTERING
(Unclassified)

8.1 WING-BODY DIHEDRAL SCATTERING IN THE DIHEDRAL
COORDINATE SYSTEM

Let the surfaces representing the wing and body be such that for each
surface one of the two principal radii of curvature is infinite and the other
is neither infinite nor zero. The scattered field is computed in this sec-
tion for the dihedral formed by the wing and body by Fock's formulation
of geometric optics (Ref. 17).

Consider the conditions on a ray which is reflected back to the point
whence it came: Let ¢ be the initial direction of the ray and let ﬁw and
ﬁb be the normals of the wing and body, respectively, at the points where
the ray hits them. Suppose the ray hits the wing first. After hitting the
wing the ray is traveling in a direction

¢ - 2080 8y By ; (8.1-1)

after hitting the body the ray will be traveling in a direction

v-29- ) 0y - 2{[\') - 2(V- ﬁw)ﬁw] : ﬁb}ﬁb =-9 . (8. 1-2)

The equality is required in order that the ray be reflected back to the
source. Since Equation (8.1-2) may be rewritten as:

d+2(0-8,) (A, - ) By = (00 0y, + (- Bp) Ay, (8.1-3)

it is apparent that ¥ is a linear combination of ﬁw and ﬁb, and thus lies in
the plane of these two vectors. Further, the scalar product of Equation
(8. 1-3) with i, and i}, respectively yields:

(R, - Ap) [2(\/}- A, (A, - Bp) - (V- ﬁb)] = 0,

(V. Ay )Ry - fip) = 0. (8. 1-4)
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Thus, ﬁw . ﬁb = 0. The same conclusions would have been reached if the
ray had hit the body first.

The above results allow a coordinate system to be chosen such that
ﬁw - and ﬁb =4 (Fig. 8.1-1). The ray is reflected from the xy-plane at
X = R sin@, from the yz-plane at z = R cos 8, where R is the distance be-
tween the two points from which the ray is reflected.

Since the geometric optics field depends only on local properties of
the scatterer, the wing and body surfaces may be replaced by parabolic
cylinders having the same radii of curvature. These are, for the wing
and body, respectively,

_ (ycosP - xsinP + Rsin® sin[i)‘2
Z= 2R, ’

_ _(zcosa - ycosa - Rcos9cos<1)2‘
ZRb ’

(8.1-5)

where Ry and Ry, are the radii of curvature of the wing and the body.

Fock's formulation of geometric optics will be used. Since the perti-
nent formulas are given in Section 3.1 of Reference 17, the detail involved
to obtain reflected fields will be omitted.

Consider the case shown in Figure 8-1-1 where the ray hits the wing
before it hits the body. (The reverse case can then be obtained from the
symmetries of the problem.) If the incident electric field is taken to be

RN

E! = [ﬁ‘cosv +(-1cos 9+ﬁsin9) sim'}e'ik(xsmg"'zcos 6) (8. 1-6)

the field reflected from the wing at the reflection point on the body is
(following the procedure of the above mentioned reference),
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:

Y

Incidence in xz-Plane

. . A A

= direction to radar = sin®i+cos @k
. . . A . A
= direction of body axis =cosaj+sinak
direction of wing axis = cos B1+sinf ;'f

measured in xz-plane
measured in yz-plane
measured in xy-plane

™A © s>0>7>
]

FIG. 8.1-1 COORDINATE SYSTEM FOR WING-BODY DIHEDRAL
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: 2
A A A ikR cos“0
_ﬁ=(sin7 cos@i-cos? j+sin? sin@k . (8.1-7)

R 1-sine coszﬁ
142
Rw cos ©

After reflection from the body the scattered field for large R is

A

A
\/Rw R sin @ cos 8 (sin? cos 01+ cos? 5\— sin? sin 8 k)
ES =

k(R cos?0 +Rg) |

2R, |cosacosﬁcos9—sinasinﬁsin@[

where R, is the distance from the reflector to the radar. Thus the scat-
tered field of wing-to-body plus body-to-wing is

i 2
A
‘/R Rb sin®cos @ (sinY cos 0%+ cos? j“- sin? sin@k)elk(R cos“@+R,

.
ES . . .
R, |cosacosﬁcos@-smasmﬁsm@‘

(8.1-1)
If the polarization basis vectors are taken to be
A
BlA) =7,
A A A
p(B) = -cos@®i+sinbk , (8.1-9)
then the scattering matrix S(AB; AB) is given by:
in
Qe 1 0
S(AB; AB) = -
(AB; AB) R, (0 _1) ) (8.1-10)
where
‘/R R, sin®cos @
w b

Q-

]cosa cosPcos @ - sinasinP sinO’ !
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and p is a phase factor which is unimportant for the calculation of cross-
sections. The form of Equation (8.1-10) indicates that the incident wave
has been repolarized (Sec. 5) by the wing-body dihedral.

8.2 TRANSFORMATION TO THE AIRCRAFT COORDINATE SYSTEM

In Figure 8.1-1 let £ be the direction to the radar, b be the direction
of the body axis, and { be the direction of the wing axis, The direction
of incidence is taken to be in the xz-plane so that 8 is measured in the
xz-plane; a and B are measured in the yz- and xy-planes, respectively.

Put

A . A
cosPi+sinfj,

A
w
A A . A
b =cosaj+ sinak,
A
£ =5in0f + cos ok . (8.2-1)
As before asterisks are used to denote the aircraft coordinate system.
A
The tie-up between the two coordinate systems is made through £, b,
and # which can be expressed in both coordinate systems. In the aircraft
. A . . .
coordinate system b and w are constant vectors for a given aircraft while

A A A
£ = 5in 0¥ cosé® T* + sin 0% sin¢® ¥+ cos ¥ k¥, (8. 2-2)

A
The expressions of Equation (8.2-1) for v's\/, b, and £ can be inverted to
give

A . A . . A

A cosacos8w - sinfcos@b + sinasin fr
A A A

W.bXI‘

. oA A . A
3\_ sinasin®@w + cosPcosOb - sinacosPr

A A A
Wesbxr

. A . A A
ﬁ_ -sin@cosaw + sinfsin®b + cosacosfr

&.Bx P (8. 2-3)
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where cosacos fcos @ + sina smﬁsmg has been replaced by W b x? .

If the expressions for w, b, and £ 1n terms of 1* J* k* are substituted
into Equatlon (8.2-3), the vectors 1 ], and k will be given in terms of
'i\” , 3*, and k®except that a, B, and 6 are unknown. These angles can be
determined from

A
v’s‘/-b=sinﬁcosa=s,
A A .
b. r =sinacosf =t,
AR sin®cosf = u; (8.2-4)
they are
s2-t24+D
cos2a=—m—m,
2
l1-u
2 2
u¢ - s¢+D
cos2f = —m——
1 - t2
2 _ .2
cos2? L u’+D , (8.2-5)
l—s2

where D2 =(1- s2-t2- 2)2 (2 s'cu)2 The sign of D must be chosen so as
to obtain the correct physical setup of the w1ng body comblnatlon a, B,

and 6 are used not only in the expressions for 1, J, and k but also in the
expression for Q.

The transformation from the scattering matrix for the AB basis to
that for the HV basis is accomplished by:

S(HV; HV) = U(HV; AB) S(AB; AB) U'(HV; AB), (8.2-6)
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where

p(H) - BA)  BH) - A(B)
U(HV; AB) = A s (8.2-7)
Bv) - DAy Bvy - B(B)

since ﬁ(A) and f)(B) are real. Here,
B(H) = - siné® 1% + cose® %,
Q(V) = - cos 6" cosé® 1¥ -cos 0% sin¢® Ei\*+ sine® k* . (8.2-8)

The only unknowns remaining in the determination of S(HV; HV) are
Ry and Ry,. From Figure 8. 1-1 the normals to the wing and body at the
reflection point are:

A A
nw=k,

ﬁb =
. . Ay Nn Ay . .
which are known in terms of i¥, j¥, and k™. From the direction of the

normal at the reflection point the radius of curvature can be determined
from the formula

>

L]

a2 b2
radius of curvature = [ (8.2-9)

(an- D)2 + (bh. M2 ]3/2 ’

A
where a and b are the semi-major and semi-minor ellipse axes and M and
A . .

m are unit vectors along these axes, respectively,
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CROSS-POLARIZATION CROSS-SECTIONS FOR CYLINDERS
(Unclassified)

In this section the limitations on the use of the physical optics current
distribution method are considered. That such limitations exist is evident
from the fact that there is no repolarization of incident radiation in mono-
static single reflection situations according to physical optics. However,
this is not an essential limitation in computing the cross-sections for
various of the aircraft components.

For example, consider the scattering from the wing-fuselage combi-
nation illustrated in Figure 9-1.

|

R
O @ U‘g

Direction of Incidence

O ®

FIG. 9-1 WING-BODY DIHEDRAL
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For broadside aspects the wing-fuselage combination was treated as
a dihedral which gives rise to double scattering (Sec. 8). Moreover, the
single scattering contributions, principally from the fuselage, have been
included.

In the case of circularly polarized radiation, an analysis in terms of
the characteristic dimensions of the wing and fuselage for the aspects
considered indicates that for double scattering the dominant components
will be ¢(RR) and o¢(LL), while for single scattering the dominant compo-
nents are o(RL) and o(LR). That is, the characteristic dimensions are
such as to insure the validity of the physical optics approximation. It is
then possible to set up the following rule of thumb for the application of
the physical optics approximation in determining the scattering properties
of a target for circularly polarized radiation:

1. The double scattering contribution to ¢(RR) must be much
greater than that of single scattering to ¢(RR), i.e., the
repolarization effect of the single scattering is small with
respect to the double scattering.

2. The single scattering contribution to ¢(RL) must be much
greater than that of double scattering to o(RL).

On the other hand, viewing, for example, the leading edge of the wing
there may be a measurable contribution to ¢(RR) arising principally from
a single scattering repolarization effect. Although in this case the physical
optics approximation may give a sufficiently accurate measure of ¢(HH)
and ¢(VV), it can give no indication of the contribution to o(RR). To take
into account such cases the polarization dependent current distribution
method of V. A. Fock (Ref. 9) is introduced. It is, in effect, a modifica-
tion of the physical optics method and can best be illustrated by a com-
parison with physical optics.

In the physical optics approximation, the tangential component of the
magnetic field on the surface is taken to be twice the tangential compo-
nent of the incident field on the illuminated side and zero on the shadow
side of the scatterers. Thus, the tangential component of the incident
magnetic field can be written:
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H, = HY G(¢), (9-1)

where G(t) is a function of a certain reduced distance from the shadow
boundary; t is positive on the shadow side, negative on the illuminated
side of the scatterer. Hence, for the physical optics approximation

G(%)

2 for £ <0,
0 for & >0, (9-2)

By considering the local fields on the shadow boundary, Fock had
obtained a continuous function G(¢) such that

G(ﬁ)g—:;().

G(¢); 2. (9-3)

-0

Fock's value for the field on the surface becomes the first approximation
of the method of Franz and Depperman (Refs. 12 and 13) applied to the
circular cylinder or sphere.

The details of Fock's method applied to the particular surface chosen
to approximate the wing surface are given below.

Consider a finite cylinder whose cross-section is made up of one-half
an ellipse and one-half an ogive. Let the major and minor semi-axes of
the ellipse be des1gnated by a and b respectively. Let the ogive have
radius of curvature a /b and a semi-minor axis b.

Attach the half ogive at the point of maximum radius of curvature of
the ellipse, i.e., at the minor axis. The cross-section is then a smooth
curve having an elliptic ''nose' and a ogival "tail." Let the length of the
cylinder be L.

Under the assumption that plane radiation is incident at or near
"nose-on," i.e., the direction of propagation k is in the X Y-plane
making a small angle a with the negative X-axis, the cross-section is
computed using a current distribution method as follows:
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After Fock (Ref. 9) it is assumed that the characteristic dimensions
of the cylinder are sufficiently large with respect to the wavelength of the
incident radiation that the current on the surface is given by the geometri-
cal optics current modified by a shape factor which is a universal function
of a certain reduced distance from the shadow boundary. It is further
assumed that the cylinder is of sufficient length L that edge effects may
be neglected and that the same current distribution can be used along the
entire length of the cylinder.

In general the magnetic field scattered from a finite perfectly con-
ducting closed surface is given by the expression (Ref. 1),
eikr
r

—- 1 —
HS=EJ‘(ﬁth)Xv

S

ds, (9-4)

where S is the surface of the cylinder, 1 is the unit outward normal vector
to S, r is the distance from the integration element on S to the field point,
and H; is the tangential component of the total magnetic field on the sur-
face. In particular, for the back-scattered far field,

HS - 4—1”15}—{— j ngx (A x Hy KT gs, (9-5)

S

where R is the distance from the field point to the center of the scatterer
and ﬁo is a unit vector in the direction of propagation of the incident plane

wave,

For the scatterer under consideration put the origin of coordinates
on the upper shadow boundary midway between the ends of the cylinder.
Let the X-axis be in the direction of the incoming radiation, the Z-axis
perpendicular to the cylinder surface and the Y-axis in the direction of
the cylinder axis (Fig. 9-2).
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y4

FIG. 9-2 ORIENTATION OF COORDINATE AXES

First consider the case of incidence along the X-axis and the electric
vector polarized perpendicular to the cylinder axis (Fig. 9-3).

FIG. 9-3 DEFINITION OF PARAMETERS
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In this case
H, = (0, H,, 0); (9-6)
hence,
A AV = (0
n,x(n XHt) = (0, n, H,, 0), and (9-7)
. . .’. '-'
elkI‘ ~ elkR elk rt (9-8)
where,
k=1 k, (9-9)
so that
. ikR -
s_ ik ¢ J' k-7
H® =7 fo— | n Hy e ds. (9-10)
S
After Fock {Ref. 9), write
H, = H, G(%), (9-11)

where HO = ¢!K'T  The function G(§) is determined numerically and tabu-
lated for ¢ = -4.5 (0.1) 4.5 by Fock (Ref. 9).

The integration over the y direction of the integral gives simply

4 R

HS - jnx 2ik-T' geyar (9-12)

where d{ is the element of path around the cross-section of the cylinder.
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To facilitate the computation divide the integral into two parts, that over
the ellipse, and that over the ogive. Let these parts be designated by I
and I, for the integration over the ellipse and ogive respectively. Be-
cause of the symmetry of the nose-on case, only the integral over 1/2
the cross-section, from nose to tail need be calculated. Thus,

ikL (KR
HS=—47T—" (21 +2 1), (9-13)
where,
."'."
I, - J n, e?K T ge) an (9-14)
(0] ie
(0]
Now
bx dx
n,dl = - 2 \/ > onl, , and (9-15)
1 -2—
a2
(m2\
2a a’ (9-16)
hence,

—
[}
i
S
Jrr
[oN
Jre
oo
~
w
Y
ars
o
o'
oy
\./(\’
~
w
Jre
Q
Jre
NN
WV
oy
\/H
~
w
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2
a
while ng d4 =4 cos 0 d6 on £, and ¢ is given above; hence

ka® 1/3
2 1/3J<T> fq ék )2/32
I = <Lbk7> J ‘/_(Zb )2/3 b G(t). (9-18)

The cross-section is then given by:

2 2

Lk 422 \/3

: ) etl|
T kb e (0]

2
L— (4kR )2/ 3 LI (9-19)
7T

For incidence at some angle a to the X-axis, the same current dis-
tribution technique is applicable provided:

1. The radius of curvature at the shadow boundary remains
sufficiently large,

2. The minimum distance from the shadow boundary to the
"tail" is large enough for the shape factors to assume the

asymptotic value, zero.

It is required that the radius of curvature at A be much larger than a
wavelength and that the reduced distance from the shadow curve at B to
the tail C be so great as to be in the asymptotic range of the function G(t).
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Y”

FIG. 9-4 COORDINATE AXES FOR INCIDENCE AT ANGLES a

As before erect the coordinate axis with the shadow boundary as the

origin. Since there is no longer the symmetry of the ''nose-on' case, it
is necessary to divide the surface into two parts and determine the con-
tributions from the two sides of the specular reflection point separately.
With this in mind two coordinate systems as indicated are used and the

procedure is the same as before.

In the case of parallel polarization, after Fock (Ref. 9), make the

approximation that on the surface
(9-20)

H,=0,
(9-21)
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where
T
2 \
) ka2 1/3 ) KR, 1/3 _%r \
“\2b “\ 2 ’ \ \
03 C
1 % J 16t
F(t) = e dt,
L S BT _
C
1 3 J27T
1 zt -z -=3
w(t) = S P 37 dz. 3 9-22
Ne (9-22)

Asymptotically for large negative &, F(¢) is evaluated by the method of
stationary phase; thus,

F(s)is-ze, (9-23)

which gives the geometrical optic field

fkx g0 Xb g O X X
3.2 o

Hy = 2i ¢ (9-24)

For positive §, the function F(¢) may be evaluated by closing the contour
C and obtaining the sum of residues,

£t
F(t) = 27i 2 %ts)— , (9-25)
S

where the tg are the zeros of w(t).
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The zeros of w(t) are given by Fock (Ref. 9) and by Franz (Ref. 13).
The values of w'(tg) are given by Franz in the form of those of a related
function. The function F(¢) must be evaluated by quadratures for & < 0
and as is indicated above, may be evaluated by the method of stationary
phase for § << -1. The function F(¢) has been computed and appears in
Tables 9-1 and 9-2.

By an analysis analogous to the above the scattered magnetic field is
found to be in the Z-direction, and is given by

ik kR = -
HS =‘11_7r ¢ 2 j‘nz H, eik T g4g (9-26)
Substituting for Hy,
ik i ikR .
o= () (m) 5 | e nFw s, (9-21)
S

2

where n, = V1 - ny

and n, is given above.
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TABLE 9-1
VALUES OF F(§), 0(0.1)2.1
Re[F(£)] Im[F(£)]
Numerical Integration Residues Numerical Integration

0.38791 -0, 67188
0. 38569 -0.56098
0, 37880 -0,45779
0.36699 -0,36257
0.35013 0. 34876 -0.27557
0. 32825 0,32747 -0.19712
0.30153 0.30120 -0,12754
0.27040 0.27027 -0,.06721
0.23547 0.23550 -0.01648
0.19762 0.19768 40, 02432
0.15799 0.15777 0,05496
0,11797 0.11793 0.07539
0.07918 0.07920 0,08582
0.04341 0.04343 0,08683
0,01247 0.01249 0.07951

-0,01193

-0,02852

-0,03660

-0, 03644

-0, 02937

-0.01785

-0.00512

Residues

-0.27526
-0.19%47
-0,12793
-0,06291
-0.01665
+0. 02432
0.05480
0.07526
0.08575
0.08681
0.07950
0.06546
0,04689
0,02651
0.00722
-0,00815
-0,01748
-0,01986

CONFIDENTIAL




CONFIDENTIAL

O O o N o~ W

© O 00 N o0 U W

N o b W

—

—

-0.
-0.
-0,
_1.
-1.

2260-6-T
TABLE 9-2
VALUES OF F(E), -2.7(0.1)0
Re [F(£)]
Numerical Integration Asymptotic
0.38791
0.38582
0.37987
0. 37052
0.35838
0. 34392
0.32771
0.31027
0.29209
0.27355
0.25509 0.15972
0.23697 0.16006
0.21948 0.15162
0.20285 0.13924
0.18718 0.12599
0.11340
0.10205
0.09207
0,08336
0.07576
0.06912
0.06328
0.05810
0.05352
0. 04942
0. 04575
0, 04245
0.03947
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Im [F(§)]

Numerical Integration

67188
79024
91585
04845
18775

. 33347
.48526
. 64276
. 80557
.97328
. 14544
.32164
.50144
. 68455
.87050

Asymptotic

-2.13348
-2.30150
-2.47517
-2.65543
-2,84129
-3,03128
-3,22414
-3.41898
-3.61514
-3,81216
-4,00998
-4,20819
-4.40675
-4,60557
-4,80461
-5,00388
-5,20322
-5,40270
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PART II--APPLICATIONS
A

B-47 CROSS-POLARIZATION RADAR CROSS-SECTIONS AS

A FUNCTION OF ASPECT AT S-BAND
(Confidential)

In this Part the results of Part I are used to obtain information about
the form of S (x) S¥ -matrices for the B-47 aircraft as functions of the
aspect of the aircraft. These S (¥ S* -matrices are presented in the
form of graphs of the cross-polarization radar cross-sections'

o(HH), o(VV), o(HV), o(+H), o(+V), o(LH), o(LV),
o(LR), o(AP), o(RR), o(LL),
as functions of azimuth angle o® for the polar angles,
6% = 869, 90°, 94°, 98°, 102°, 120°, 150°,
and the wavelength3 A=12 cm. From these cross-polarization cross-

sections an S Ej} S* -matrix as function of aspect can be deduced for the
B-47 aircraft by the methods of Sections 3 and 4.

'The last two cross-sections are included for the convenience of the
reader; only the first nine cross-sections are needed to compute an
S %) S¥-matrix for a complex configuration (Sec. 3 and 4).

2These cross-polarization cross-sections are defined by Equation
(2.2-7b). The various polarizations are illustrated in Figure 4-1.

>This wavelength was chosen so that use could be made of certain
computations already in hand from the companion volume Studies XV
(Ref. 1). These computations are for those B-47 components (mainly
conical and ellipsoidal shapes) for which no new theory was needed.
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To further elaborate, the following sections will contain more de-
tailed discussions on how the above-mentioned cross-sections, and in
some cases the scattering matrices themselves, are obtained for particu-
lar components of the B-47 aircraft.

In every case the break-down of the B-47 into individual components
is that given by Figure A-1 used in Reference 1. Moreover, the simula-
tion of these components by simple geometric shapes is understood to be
that of Figure A-2 used in Reference 1.

A.1 COMPONENTS OF THE B-47 AIRCRAFT SIMULATED BY
WEDGE SHAPES

The components of the B-47 aircraft which have been simulated by
wedge shapes are the trailing edges of the wings and the trailing edges of
the horizontal and vertical tail sections; the tapered wedges used to simu-
late these components have respective edge lengths L of 18 meters, 4.8
meters, and 5.5 meters,

The following cross-sections have been obtained by applying Equation
(6.9-8) for the scattering matrix S(HV; HV):

[ =
2
2 cos?a 1 1
o(HH) = M |———— - (——+— s (A.1-1)
C sine® C D)
B 2
1 1 2 cos?
o(VV) = M (6_—D—> - _&Za* , (A.1-2)
Csin“9
. R 2
o(HV) = M sinacosa sin(¢L -B) s (A.1-3)
Csin@®

where C, D, M are given by Equation (6.7-1), cosa = a3, tanp = a23/a13,
and the aj5 are given by Equation (6.8-1). By the formulas of Section 4

the remaining six cross-sections for the wedge shapes can be given in
terms of the above three:
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FIG. A-2 ILLUSTRATIVE EXAMPLE OF THE BREAKDOWN USED FOR THE B - 47
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o(+H) = % o(HH) +% o(HV) + ﬁ No(HH) o(HV) (A, 1-4)
o(+V) = % o(HV) +% o(VV) + ﬁ N o(HV) o(VV), (A.1-5)
o(LH) =—;- o( HH) +% o(HV), (A. 1-6)
o(LV) = é— o(HV) +% o(VV), (A.1-7)
o(LR) =% o(HH) +% o(VV) + # No(HH) o(VV) (A.1-8)
o{ AP) =i— o(HH) +;11- o(VV). (A.1-9)

Following the methods of Sections 6.8 and 6.9, peak values of the
cross-sections, and the azimuths ¢® at which they occur, can be computed
for fixed polar angles 0*. Widths of peaks are determined by finding the
azimuth values for which the cross-sections have decreased by factors
1/g2 of 2, 10, and 100,

To illustrate the contribution to the total B-47 aircraft cross-section
due to a component represented by a tapered wedge of edge length L. = 18
meters (trailing edge of wing), four graphs (cross-sections vs,azimuth for
8® = 869, 90°, 94°, 989, 120°, 150°) are presented in Figures A.1-1
through A.1-4,

A.2 COMPONENTS OF THE B-47 AIRCRAFT SIMULATED BY
WIRE LOOPS

It was pointed out in Section 2.2 that, if scattering matrices are to be
calculated for a single component, only the five numbers ¢(HH), o(VV),
o(HV), o(HR), o(VR) are required. But in Sections 3 and 4, it was shown
that if S &%) S¥-matrices are to be found for a B-47, it is necessary to
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know the nine cross-polarization cross-sections given at the beginning of
Section A so that techniques involving phase averaging over all compo-
nents of the B-47 can be used.

To illustrate how the nine numbers just mentioned can be obtained at
once from the five listed above by means of the considerations of Sections
2, 3, 4, consider the following example.

It follows immediately from the conservation of energy relation (foot-
note 2, p. 11) that

(a) o(LV) = o(HV) + ¢(VV) - o(VR) = ¢(VR),
(b) o(LH) = o(HH) + o(VH) - o(HR) = o(HR),

(c) o(LR) = o(HR) + o(VR) - o(RR). (A.2-1)

The final three cross-sections desired may be obtained from Equa-
tion (4-6) using Equations (2-14) and (2-15); they are:

] 1 1 2
(a) o(+H) = 5 o(HH) +E o(HV) + ‘/U'(HR) o(HL) - 1 [O'(HH) - U(HV)] s

2
o(HR) + N o(HH) o(HV) =% (\/ o(HH) + 'Ja(HV)) ,

(b) a(+V)

1 1 2
3 O(HV) +5 o(VV) + V(T(VR) o(VL) -% [cr(HV) - a(VV)} ,

2
a(VR) + N o(VV) o(HV) =-;- ('\/ a(VV) + '\/U(HV)> )

1
(c) o(AP)= 7 o(HH) + -i— o(VV) + i V4 o(HH) o(VV) - [¢(HH) + o(VV) - 4 o(LR) ] %,

1

"3 o(HH) +é a(VV). (A.2-2)
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For purposes of illustration the method of obtaining Formula (A. 2-2a)
is presented here in detail. From Equation (4-6),

‘ S(+H)"2 =-§ \S(HH)lZ +% ‘S(HV)\Z + Re S¥(HH) S(HV); (A.2-3)

or, if the form of the scattering matrix S(HV; HV) is assumed to be

i
oty o O -]y
S(HV; HV) = g
i[6(VV) - o(HV)]
-

(A.2-4)

No(HV), No(VV) e

Equation (A. 2-3) may be written as:

1 1
o(+H) = o(HH) + 5 o(HV) + N o(HH) o(HV) cos[6(HH) - 8(HV)] .
(A.2-5)
Here the value of cos [G(HH) - Q(HV)] is obtainable from Equation (2. 2-14)
provided the matrix U(HV; RL) is known. Using the values of /ﬁ(H), ﬁ(V),
6(R), S(L), given respectively by Equations (7.1-7), (7.1-8), (7.1-9), and
(7.1-10), the matrix U(HV; RL) is obtainable from the transformation

B(HV) = U(HV; RL) B(RL)

1 1
U(HV; RL) = —'\/;: < > .
-i i

Thus from Equation (2. 2-14),

as

o(HR) - —;— o(HH) - -;- a(HV)

O(HH) - 8(HV) - =|= ’
cos[( ) - 8(HV) z] N o(HH) o(HV)
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and hence,

VU'(HR) o(HL) --i- [O'(HH) - o(HV) ]2
o(HH) o(HV)

cos [G(HH) - Q(HV)] = (A.2-6)

Substitution of Equation (A.2-6) into Equation (A. 2-5) finally yields
Equation (A. 2-2a).

The nine cross-sections obtained above are used in the computation
of cross-sections of the B-47 aircraft.

To illustrate contributions from components represented by wire
loops (such as the front of engine nacelles) graphs of the above nine cross-
sections as functions of @ for a wire loop of radius 39 cm are shown in
Figure A.2-2 and Figure A.2-3. The coordinate system shown in Figure
A.2-1 applies.

z
Bv)
BH)
Y
71
/|
/|
/| a
/)
/)
|l
X 0

<>

FIG. A.2-1 COORDINATE SYSTEM FOR A LOOP
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The direction of horizontal polarization is the y-direction, i.e., the angle
?is zero for all graphs (Eq. 7.1-7 through 7.1-10). In this case ¢(HV)
= 0. It is to be noted that these curves have not been smoothed.

A.3 DIHEDRAL SCATTERING

In computing the radar cross-sections of the B-47, it was assumed
that the fuselage (represented by a circular cylinder) and the wing (repre-
sented by an elliptical cylinder) form a dihedral scattering surface. The
method of calculating the return from this dihedral is described in this
subsection.

The wing-body orientation of the B-47 chosen for the computation is:

¢

I

>

b
& =¥ cos 1259 + $¥gin 125° ;

as before the direction of incident radiation is

= 1% sin 6% cos ¢* + ¥ sin 6% sin o* + k¥ sino® |

These specifications yield for s, t, and u of Equations (8-14) and 8-15)
the values,

cos 1259,

n
"

t = sin 0% cos ¥,

sin 0% cos(125° - ¢%);

u

hence the angles a, B, and 6 can be determined by Equation (8. 2-5) in
terms of given values o'f\ 0% and ¢*. Further, the transformation between
the ¥, 4, &, and the 1%, %, for systems can now be given explicitly:
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1
ccc +sss

>

A
[(cosa cos 0§ cos 1250 - sinP cos © +sina sinP sin0* cos¢*)1 ™
. . A
+ (cosa cos @ sin125° +sina sinp sin0* sin ¢*®)j *
A
+ (sina sinp sine*)k”] ,

1 . . . . A
= — [(sma sin® cos 1259+ cosP cos® - sina cos P sin@* cos¢*)1*
ccc +5S8s

>

+ (sina sin® sin 1259 - sina cos B sin8* sin ¢*) ] *

A
- (sina cos P sin Gﬁ)k’] ,

1 . . ) . A
= —_ [(-sme cosa cos 125°+sinp sin@+cosa cosP sin0* cos ¢*)1*
ccc +sss

~>

: . . . A
+ (-sin® cosa sin125°+cosa cosP sin8* sin¢®)j*

A
+ (cosa cosp sin@8%) k"] ,

where ccc and sss designate respectively cosacosf cos 9 and sina sinf
sin @,

Knowledge of these equations permits the transformation (Eq. 8.2-7),

W(HA) u(HB) D(H) * P(A) D(H) - p(B)
U(HV; AB) = = A A A A ,
u(VA) u(VB) B(V) - BIA)  P(V) - B(B)

'E\o be %iven expli/(\:itly with the aid of Equations(8.1-9) and (8. 2-8) for f)\(A),
p(B), p(H), and p(V):

1
HA) = —— |-gi . R oy _ . »]
u(HA) ccctsss [ sina sin® sin(¢”-125") - cos P cos @ sine™|,
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1 _
= | -gqi d)‘“ ] . & _ 250]
u(HB) coctsss | sin ¢* sinP +cosa sin(¢* -1 ),
1 -

u(VA) = ————— |sina cosp sin8* cos 6* - sina sin® cos 8% cos(¢*- 1259)

ccc+sss |

- cos 8% cos®* cos P cos 9] ,

uyVB) = —— [cos a cos 6* cos(¢$* - 1250)

ccc +sss

+ sin0* cos 0% (cos @ sina sinP -sin® cosa cosP)
-cos 0% cos ¢ sin B + sinze"(sin 0cosacosf -cosOsinasin B)] .

These values together with Equations (8.1-10 and 8. 2-6) give the
scattering matrix S(HV; HV) as:

Qeit u?(HV) - u?(HB) u(HA) u(VA) - u(HB) u(VB)

S(HV; HV) =
Ro  \ u(HA) u(VA) - u(HB) w(VB) u?(VA) - u(VB)

In the expression for Q (Eq. 8.1-10) the radius of curvature of the B-47
body (represented by a circular cylinder) is Ry = 1.57m; the radius of
curvature Ry of the B-47 wing is computed from Equation (8. 2-9); and the
semi-major and semi-minor axes of a right section of a wing are respec-
tively 2.92m and 0. 58 m with unit vectors along those axes given by:

A A . N . N
M = cos 5° cos 35° 1 + cos 5° sin35° 7* + sin5° k *,

AN A AN
-5in 59 cos 35° i - sin5° sin35° j* + cos 5% k* .

8>
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A.4 S-BAND CROSS-POLARIZATION RADAR CROSS-SECTIONS
FOR A B-47 AIRCRAFT

On the following pages a set of cross-section graphs for the B-47
aircraft is presented in groups of five according to a given polar angle.
Thus, for the polar angle 6" = constant the group of five graphs is
arranged in this sequence:

lst group: o(HH), o(VV), ¢(HV) vs azimuth ¢*
2nd group: o(LH), o(LV) vs azimuth ¢,
3rd group: o¢(RR), o(LL) vs azimuth %,
4th group: o(LR), o(AP) vs azimuth ¢*,

5th group: o(+H), o(+V) vs azimuth ¢*.

In Figures A.4-36 and A.4-37 composites of all cross-sections are given
for 8* = 94° and 0% = 120°,

As an example of how to use the S %) S*-matrix for a fixed aspect to
find a particular ¢(1J), say o(RR), consider the aspect 8* = 98°, ¢* = 700,
From Figures A.4-16, 17, 19, and 20, the values of the nine basic cross-
polarization cross-sections are:

o(HH) = 32, o(HV) =8, o(VV) =32,
o(LH) = 20, o(LV) =20, o(LR) = 27,
o(+H) = 15, o(+V) = 23, o(AP) = 17,

where all values are in square meters. From these numbers it follows
that,

s(HH) s*(HH) = 32
s(VH) s*(VH) = 8
s(VV) s*(VV) = 32
s(HH) s*(VH) = -5
s(HH) s*(VV) = 22-2i
s(VV) s*(VH) = 3
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where the latter three of these values have been determined from Equa-
tion (4-6). The S (X) S*-matrix may now be read off from Equation (3-5)
as:

— .
32 -5 -5 8
-5 22-2i 8 3
S S* =
-5 8 22-2i 3
LS 3 3 32

To find o(RR) it is only necessary to perform the multiplication indi-
cated in Equation (3-2) taking I = J = R. The expressions,

1 i
(uW(RH) u(RV)) (ﬁ F)' M,

1
u*(HR) -5
. 2 =M
u*(VR) le_
are obtained by putting A = L, B = R, a = 45%, 7 = 90° in the matrices of
Equation (4-2).

Utilization of S ) S*,M, and M' in Equation (3-2) yields:
o(RR) = (M ® M*) S ® 5% (M' ® M'*) = 13m*

for the aspect 8% = 989, ¢* = 700,
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FIG. A.4-21 THEORETICAL CROSS-SECTIONS AT S-BAND FOR THE
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FIG. A.4-23 THEORETICAL CROSS-SECTIONS AT S-BAND FOR THE
B- 47 FOR ELEVATION 12°
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FIG. A.4-24 THEORETICAL CROSS-SECTIONS AT S-BAND FOR THE
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FIG. A.4-25 THEORETICAL CROSS-SECTIONS AT S-BAND FOR THE
B-47 FOR ELEVATION 12°
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B-47 FOR ELEVATION 30°
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FIG. A.4-28 THEORETICAL CROSS-SECTIONS AT S-BAND FOR THE
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FIG. A.4-31 THEORETICAL CROSS-SECTIONS AT S-BAND FOR THE
B- 47 FOR ELEVATION 60°
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FIG. A.4-32 THEORETICAL CROSS-SECTIONS AT S-BAND FOR THE
B- 47 FOR ELEVATION 60°
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FIG. A.4-33 THEORETICAL CROSS-SECTIONS AT S-BAND FOR THE
B- 47 FOR ELEVATION 60°
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FIG. A.4-34 THEORETICAL CROSS-SECTIONS AT S-BAND FOR THE
B- 47 FOR ELEVATION 60°
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FIG. A.4-36 COMPOSITE OF THEORETICAL CROSS - SECTIONS AT S-BAND FOR THE
B- 47 FOR ELEVATION 4°
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FIG. A.4-37 COMPOSITE OF THEORETICAL CROSS-SECTIONS AT S-BAND FOR THE
B- 47 FOR ELEVATION 60°
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B

COMPARISON BETWEEN THEORY AND EXPERIMENT
(Confidential)

Measured values of the radar cross-section of the B-47 aircraft for
the polarizations (HH), (VV), (VH), (HL), (VL), (LR), and (LL) at a
limited number of aspect and elevation angles are reported by the Hughes
Aircraft Company of Culver City, California in Reference 15. These data
were obtained from four constant-bearing, constant-altitude flights of a
B-47B. The ranges of azimuth and elevation angles covered were:

Flight Azimuth Elevation
1 200 to 160° 89 to0 22°
2 20° to 160° 320 to 61°
3 20° to 160° 469 to 72°
4 180° 10° to 35°

All cross-section values reported are average values® over a +5° range
in azimuth except for Flight 4, where the averages were taken over a * 50
range for 20° and 300 elevations, and over iZ%o range for the 12—;—0
elevation.

lAverages of experimental data were made in two steps. First, the
video and AGC data were averaged over one second intervals. Second,
additional smoothing was introduced into the cross-section measurements
by averaging the data over finite amounts of target aspect, as pointed out
above. In the first case the averaging was arithmetic (performed elec-
tronically by means of a boxcar circuit) with the quantities video and AGC
data being directly proportional to cross-section. In the second case the
averaging was also arithmetic.

The phase-averaging technique which was used to get the theoretical
cross-sections is also an arithmetic average comparable to the types men-
tioned above. However, since the experimental data was averaged over
much greater ranges than the theoretical calculations, the experimental
curves will not exhibit the sharp peaks and nulls of the theoretical curves.
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To compare the above data with the theoretical curves for the B-47
only those portions of each flight were used which gave elevation angles
close to the ones used for the theoretical computations. Thus, there are
no experimental data which correspond to the theoretical curves for 8% =
869, 900, and 94°, For the other theoretical curves experimental values
were used as follows:

Figure . Elevation Angled Elevation Range Azimuth Points
Theoretical Experimental used for
Curve Data Comparison

B-1 through B-4 0% = 9g° 970 <@® < 99°  ¢* = 200 5nd 160°

B-5 through B-8 0% = 102° 100° <o® <104° ¢*=30°, 40°,
1409, 1509,
and 1800,

B-9 through B-12 6% = 120° 1170 <% <1230  ¢%- 200, 1400,
180°,

B-13 through B-16 o% = 1500 1470 <@% <153° ¢%= 400, 60°,
700, 809,
90°, 100°,
1109, 1200,
and 140°,

The Hughes data and the theoretical curves for 6% = 150° agree to
within a factor of ten for all polarizations except (HV) and (LL) and to
within a factor of four for (HH), (VV), (HL), and (VL). For the regions
where the theoretical curves show sharp peaks this agreement would be
improved if the theoretical curves were averaged over + 50 ranges at the
same values of ¢* where the Hughes averages were made. In particular

this procedure would improve the agreement at (LR) polarization from a
factor of ten to a factor of five.

The Hughes data points for the other elevation angles (6% = 989, 1020,
and 120°) are too few to allow much comparison. In the case of (HV)
polarization there is an experimental peak on looking at the leading edge
of the wing at 6% = 980, Thig peak is not to be taken as showing a dis-
crepancy between theory and experiment since in a dynamic test the wings
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do not remain horizontal. In fact if the wings are rotated through an angle
¥ from the horizontal the cross-section o(HV) goes from the theoretical
value zero to roughly,

o(HV) = sin ¥ o(HH).

In the 6% = 1020 curves where there are five Hughes data points on each
curve, four of these fall in the vicinity of high peaks on the theoretical
curves and the apparent disagreement could well be due to the Hughes
points being averages.

Since modern day aircraft have major parts which have surfaces
either parallel or perpendicular to each other and since such aircraft fly
courses which are parallel to the ground (often great circle routes) it is
expected that ¢(HV) or ¢(VH) (the same by the reciprocity theorem) will
give negligibly small results. Thus, o\HV) only plays a small role in the
computing of o(LR). Since these latter cross-sections were of most inter-
est, little theoretical emphasis was placed on obtaining small, but not zero,
results from the components which required lengthy analysis. As a result
it was not expected to obtain good agreement between theory and experi-
ment for o(HV) but it is expected that good agreement will be obtained be-
tween theory and experiment for ¢(RL) and ¢(LR).

On the other hand, as has been indicated above, there is considerable
interest in the behavior of the cross-section ¢(LLL). For this reason
Fock's current distribution method (Sec. 9) has been applied to the wings
for the elevation angle 6% = 90° and the azimuth angle ¥ = 360, The re-
sulting cross-section o(LL) is approximately 25 square meters. This is
to be compared with the experimental values o(LL) = 5.4 square meters
at 8% = 989, ¢% = 200, ¢(LL) = 7.0 square meters at 6% = 102°, ¢* = 30°,
and o(LL) = 8.0 square meters at 8% = 1020, ¢* = 40°, This comparison
indicates that Fock's method can predict the repolarization effects to with-
in at least a factor of three even through the wing dimensions do not lie
strictly within the region of validity for the application of the method.
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COMPARISON BETWEEN EFFECTIVE CROSS-SECTIONS

WITH CIRCULAR AND LINEAR POLARIZATION
(Confidential)

The usefulness of radar equipment designed to measure the effec-
tive cross-sections o(LL) or ¢(RR) will depend upon the permissible
reduction of signal strength as compared with measurement of,say, the
cross-sections o(HH) or o(VV). That the reduction in signal strength
is not too great has been shown experimentally.

The Group 22 Systems Analysis Section of MIT Lincoln Laboratory
has studied weather clutter and, in particular, has investigated the use
of circular polarization to reduce this clutter. They have been interested
in the relative performance on aircraft targets of a particular radar
installation operating in circular and linear polarization modes.

The preliminary results obtained indicate an average apparent de-
gradation of performance for the circular polarization mode of operation
compared to the linear vertical mode of only about 1 db. Their results
are only preliminary, having been made with only one radar set, and
with a radar whose circularity of radiation is, at present, not well
established. Furthermore, the received power is not measured directly,
but is derived with the aid of blip-scan theory from the probability per
scan of obtaining a blip. The relation used is

_pmin/pav.
X =€ )

where x = blip scan ratio, pp,j, = the power threshold of detectability,
and pyy = the average signal echo power. While it may not be de-
pendable for yielding absolute power levels p,y , since Pmin is not
easily calculable, this expression can be used to obtain relative return-
signal power.

It is encouraging that the degradation factor determined from
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blip-scan observations from radar PPI's agreed closely with that de-
termined from the slowed-down video scopes. In addition, the degrada-
tion parameter did not depend significantly on type of aircraft, altitude,
or range. The preliminary results indicate a weather clutter reduc-
tion of about 12 db by use of circular polarization.

The same problem was investigated in 1950 by Airborne Instruments
Laboratory, Inc., Mineola, N.Y., using an AN/CPS-S (L-band) radar.
A circularly-polarized feed was developed and installed in the test set
and observations were made of a heavily traveled portion of the sky
near New York City. The degradation was measured as follows:

Successive scans used linear and circular polarization, and photo-
graphs were taken of the PPI. The gain for linear polarization was de-
creased in 5 db steps, leaving the gain for circular polarization un-
changed, and each step photographed. The targets in a given range zone
on all photographs were counted. Finally, the average degradation was
taken to be the difference in gain settings such that the number of tar-
gets missed by the circular polarization equipment but seen by the
- linear polarization equipment was the same as the number of targets
missed by the linear polarization equipment but seen by the circular
polarization equipment.

The circularity of the radiation was checked carefully, and the
difference in transmission and reflection efficiency for the two types of
polarization, which was inherent in the circuitry, yielded a correction
factor which was applied to the data. On the basis of their data, AIL
concluded that target attenuation due to circular polarization is 7 db t 1db.
Corresponding to this, they arrive at a net discrimination in favor of
aircraft return over precipitation return of 8 to 25 db.

Studies have also been made by the Dalmo-Victor Company (Ref. 14)
of the effect of polarization on the return from rain and from ground
targets. They worked at X-band and used a variable-polarization feed
assembly to produce the desired type of elliptical polarization. Their
equipment included set-ups in which a single antenna was used for
transmission and reception, as well as separate antennas for transmitting
and receiving different polarizations.
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The data were filmed with an A-scope pulse-to-pulse-recording
camera, the radar system being calibrated for decibel attenuation at
the antenna versus video output to the A-scope. The film was then pro-
jected on a screen. Extreme difficulty was experienced in reading
average values of voltages by this method. Furthermore, the linearity
of the A-scope oscilloscope necessitated compression of the 20-30 db
range into an inconveniently narrow part of the scale.

It was found that raindrops do scatter isotropically. They yield
maximum return with linear polarization and minimum with either
sense of circular polarization (the same antenna, of course, being used
for transmission and reception). The average return with circular
polarization was found to be 24 db below the maximum return with linear
polarization.

Some simple ground targets were investigated, and conclusions
which have at least qualitative value obtained. The results seem not
to pertain to airplanes, the subject of this study. The return from a
smooth hill dropped 20 db when polarization was shifted from linear to
circular. Several bridges and a drive-inmovie screen, all of which re-
sembled flat plates, were used as targets. The greatest attenuation
was observed with circular polarization.

The returns from groups of objects were of less well-defined be-
havior. A group of cylindrical tanks and Alcatraz prison both yielded
returns in which some of the objects increased and others decreased in
brightness with change of polarization. The greatest decrease in the
Alcatraz pattern was 15 db.

The conclusion of the Dalmo-Victor study was that circular polari-
zation yields a smaller return from simple objects than does linear
polarization by about 2.7 db. It should still be used, though, since it
affords 15 db of discrimination between these objects and rain clutter,
on the average. This is a better value than that afforded by linear polar-
ization.

The Raytheon Manufacturing Company of Boston, Massachusetts,
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also obtained information about returns of energy from various objects
and installations when incident circularly polarized energy was used.
Their experiments were arranged so that, when transmitting circularly
polarized energy, the percentages of right and left circularly and hori-
zontal and vertical linearly polarized energy received could be calculated.

For example, when transmitting circularly polarized energy at a
typical New England town, they found that about fifty per cent of the re-
turned energy was polarized in one circular sense, fifty per cent in the
other circular sense; the reception of energy was down approximately
3 db. Indeed, this type of situation prevailed for clutter in general.
Exceptions were noted for rain and chaff. For rain, when transmitting
circularly polarized energy, 85 - 90 per cent of the returned energy
was circularly polarized in the opposite sense. For a twin-jet F-3D,
transmitting again with circularly polarized energy, approximately 60
per cent of the returned energy was polarized in a sense opposite to that
transmitted.
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