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NOMENCLATURE
antenna gain

missile position

point of reflection on earth, "bounce point"
center of earth

PADAR receiver position

peek transmitted power

minimum detectable received power

radius of earth !
transmitter position

velooity of light

true height of PADAR receiver

height of PADAR receiver (flat earth)

height of transmitter (flat earth)

height of PADAR receiver minus height of transmitter
distance from PADAR receiver, P, to "bounce pointt, N

distance from transmitter, T, to "bounce pointh, N

distance from transmitter, T, to PADAR receiver, P

d

r
1= ocos ¢

angle between PN and the normal to PO measured positive
counterolockwise

angle between the horizontal (at the "bounce point") and the
ray to the PADAR receiver

angle between the horizontal (at the "bounce point®) and the
ray to the transmitter
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f3 = angle from h (height of PADAR) to r (transmitter-receiver
direction), measured positive clockwise

o
I

angle between ‘gl (receiver-reflector direction) and '62
v (transmitter-reflector direction)

d = cht= path length difference between direct and reflected paths
€ = a higher order error term in Taylor series for range error

2] = angle from horizontal (at receiver) to transmitter direction
measured positive counterclockwise

Gl = angle between the horizontal at the "bounce point" and r
(transmitter-receiver direction) measured positive counter-
clockwise

A = wavelength

0~ = radar cross-section

1) = angle between r (transmitter-receiver direction) and g]_
(receiver-"bounce point" direction)

angle measured from the earth's radius at the ®"bounce point" to

2

T0, measured positive counterclockwise

w = angle from PO, normal to earth from PADAR receiver, to 4
(receiver-"bounce point" direction), measured positive
counterclockwise

| ]

<n

Wt

—J
]

angular coordinates of transmitter for cross-section calculations-
defined in Appendix 1. The remaining notation used in the Appendix
is entirely contained therein and is defined when used.

At = time difference required for energy to travel from transmitter
to receiver over two different paths
Ax; = error in x; where x; is a measured variable, e.g., 8, by, « o«
Axi = standard deviation of error in x4
ii
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ANALYSIS OF PADAR AND ITS MODIFICATIONS
Introdugtion

PADAR came into existence as the result of Fairchild's effort to
fulfill the need in fighter-fighter and fighter-bomber duels for the U, S.
aireraft to obtain range information about the enemy at greater distances.
Their idea is based on the comparison of a direot and a reflected path*.

In Appendix 2 the following considerations for this range finding
system will be analyzed: general slope and roughness of the terrain, the
ourvature of the earth, propagation effects and measurement errors, As
discussed below, some modifications toward greater complexity of the system
are necessary for successful ranging under operational conditions; limita-
tions rem;in.

It has been suggested that bombers might use a method based on the
Falrohild idea for defense against missiles of the beam-rider type. The
University of Michigan was asked to examine this possibility under the
assumption that the enemy defensive system would be simllar to Talos. Ths
results of Appendix 3 show that in prinoiple this modification of PADAR
will usually give accurate passive range information at greater distances
than active radar ocould obtain if both signals are deteotable, It is
strongly rgcommended that study of the application of PADAR to the bomber
defense problem be ocontinued,

#
Fairohild's development of this idea is discussed in References 1 to 5.

l____.‘————- 1
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We do not recommend immediate implementation, because of the following
pointss

(a) When the missile is on the transmitter-PADAR line of sight, no
range determination can be made by PADAR methods.

(b) We lack radar cross-sections of enemy missiles., (The bistatic
cross-section needed is at least 1 to 10 squere feet for typical
interception trajectories, It 1s likely that all enemy missiles
will have oross-sections of this order of magnitude; however, a
few calculations should be done to verify this.)

(o) An analysis of enemy radar patterns is required to determine
whether suffiolent side lobe energy will exist to permit PADAR
ranging,

(d) We do not know whether there is aoctually a tactiocal advantage in
the use of PADAR over presently conceived active radar defense
systems against beam=rider missiles,

An experimental check of some of the concepts involved has been
suggested by NADG,‘uaing two F=86D aireraft and the present Fairchild
PADAR equipment, The very poor accuracy to be expected in such an experi-
ment and the probability of detecting the refleoting F-86D are discussed
in Appendix 3, We do not recommend that this experiment be performed,
The F=86D oross=-seotions used in this disoussion ere given in Appendix 1,

—_— 2 —_—
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1.

2,

3.

L

N

Ranging Capabilities of PADAR

PADAR, as presently described in the Fairchild reports and using the
equations given therein, is capable of successful ranging provided:
a) The ranges are fairly short (of the order of 80 miles).

h) The terrain at the specular reflection point does not have
large soale irregularities,

0) The terrain has an average slope which is perpendicular to
the earth's radius,

d) Sufficient data smoothing is used,

The limitation to short ranges can be removed by inserting the data
in the equations of Appendix 2 (2.3.1) which take the curvature of the

earth into account exactly.

Limitation l.0) and, in some instances, limitation 1,b) can be removed
if, in addition to the measurements proposed for PADAR, the angle
between the horizontal plane at the PADAR and the ray from the specular
refleotion point to the PADAR is measured, The data are then to be

used in the equations of Appendix 2 (2,5).

Over very rugged or heavily bullt up terrain, PADAR should not be

expecged to give usable range data,
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5. Optimum conditions for application of PADAR to detecting and ranging
on airborne reflectors octur when the angle between the reflector-
PADAR direction and the transmitter-PADAR direction is large, and if
the altitude difference between the PADAR plane and the transmitter
is a maximum,

To obtain range against an airborne reflecting target it is necessary

to measure an additional angle over PADAR,

N
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Tactical Considerations

The purpose of this investigation has been consideration of problems
relating to the feasibility of determining range by PADAR in certain given
situations. Range information on enemy aircraft or missiles is clearly
always potentially useful, At the same time, a number of important questions
concerning the tactical use of PADAR range information naturally suggest
themselves., Although no effort will be made here to answer these questions,

their statement may prove helpful in evaluating the usefulness of PADAR,

1) Passive detection can work at ranges considerably beyond the
detection range of ordinary airborne radar, With PADAR, passive range
information may also be obtained with the accuracies indicated below.,

Thls presupposes, however, that the enemy has a pulsed transmitter operating;
one must examine under what ciroumstances this will be true,

2) If the deteotion range of the enemy radar can be estimated with
reasonable acouracy, passive range information can be used until the PADAR
alroraft is known to be detected, After this, is there any advantage in
using PADAR rather than a more accurate active radar?

3) Is the additional information worth the possible weight, space,
end coast penalties?

L) In the beam-rider missile case, the missile will presumably be
launched at ranges short enough to preclude evasive aotion by the bomber.
Can successful countermeasures be taken at ranges greater than those attained
by active radar? If the answer to this question is "no", do other possible
advantages of remaining passive outweigh the greater acouracy attainable

in active operation?
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APPENDIX 1

BISTATIC RADAR CROSS-SECTIONS OF THE F-86D AT X-BAND

1,1 The Cross-Sections Required

One of the problems specified in this contract was the determination
of some of the bistatic cross-section values of the F-86D. This informa-
tion is employed in the analysis of the proposed experiment described in
Appendix 3 (3.3)s In this Appendix we shall discuss the derivation of
these cross-sections, and present the results obtained.

A bistatic radar cross-section is defined as one for which the trans-
mitter and receiver are not coincident, In this problem, the receiver is
nose-on to the F-&Sx while the direction to the transmitter lies on one
of a set of cones about the rear of the plane, These cones have half-
angles from 20° to 60°, varying by 10° steps. Further, horizontal polariza=-
tion is specified for both transmitter and receiver, that is, the transmitted
E vector is parallel to the plane of the wings, and the receiving antenna
accepts only this polarization. Finally, an X-band frequency of 9400 Mec,
or wavelength of 0,105 feet was used. \

For a comparison with experiment of theoretical results obtained by
the method employed, see Reference 6, A full discussion of geometric and

physical optics methods is also given in Reference 6.

1.2 Break-up of Plane

As a first step in obtaining the cross-sections, the airplane is
simulated by a set of components of simple geometric shapes, whose dimensions

and orientations are recorded, A random phase argument enables us to

6
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treat these components as independent scatterers., Their separate cross-
sections are therefore obtained and added, taking shadowing into account.
We now present the break-up which was used.

The wings were considered as truncated elliptic cones having dimensions

as shown in Figure 1,2-1

4

-

—— Ly

1L

L, — P

O‘“ [

Figure 1,2-1
Ll = 255n, L2 = L70", a = Lbé®, Yl =afb=6

and a sweepback angle (f = 350. Angle of attack and dihedral were taken
as zero,
The horizontal and vertical tail surfaces, like the wings, were

modeled by truncated elliptic cones. The dimensions are:

1
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(a) Horizontal tail surfaces
L) = 80", Ip=160", a=19", N
and a sweepback angle d = 28°

(b) Vertical tail surface
I‘l - 55", L, = 150", a = 31", vz. 7
and a setback angle from the vertical of d = 35°

The nose of the fuselage was treated ae a prolate spheroid and an

elliptic oylinder combined as indicated in Mgure 1,2-2,

=
w
S

Payg

Flgure 1,2-2

1y
1]

Here,

41 . hgu’ 42 . hB", = 20", dlt . Bgn, ds n ghu, 46 = 400,

4
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o

The midsection of the fuselage, measured from the front end of the
canopy to the point at which the trailing edge of the wing joins the
fuselage, was considered the exposed surface of two intersecting elliptic

cylinders, as in Figure 1.2-3.

fe—— I, —

Figure 1l.2-3

For this component

a) = Lg", b, = 9", 8, = 27.5", by = 5.5, L, = 180", Ly, = 6845",

Only the front half of the wing tanks contributes, These were modeled

by prolate spheroids whose dimensions are (see Fig., 1.2-L):

_~ 1=

—p
Ll = 51", L2 = 12N | Ll

Figure 1,2-4

10— 9
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All dimensions were obtained from the configuration drawing contained
in "Standard Aircraft Characteristics®, Wright Air Development Center,
3 August 1951, This drawing was neither large nor detailed, so that we

were forced to estimate certain dimensions not explicitly given,

1.3 Shadowing

The cross-section formulas to be employed are all either of physical
or geometric optics type. In the former case, it is the dimensions of the
illuminated area of the component which appear in the expressions, while
in the latter, a contribution to the cross-section is obtained only if the
so-called "stationary-phase point®" is illuminated. Therefore it was
necessary to determine how components shadow others as a function of trans-

mitter aspect.,

l.4 Cross-Section Formulas

The prolate spheroid cross-section was obtained from the expression

2
) (cosGR+cosQT)2+(sinORsin¢R+sinQTsin¢T)2+(sinGRcosﬁR+sinQTcos¢T)2

(cosQR+cosQT)2+(sinQRsin¢R+sineTsin¢T)2+q2(sinGRcos¢R+sin9Tcos¢T)2

O =1ma

Here a is the semi-major axis, b the semi-minor axis, and YI= a/b. © and #
are the usual spherical coordinates of the vectors to the transmitter (T)
and receiver (R), as illustrated in Figure 1.5-1. The Z-axis is taken

vertical; the X-axis points forward through the nose of the plane, We are

10
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therefore interested only in the case o, = T7/2, ¢R = 0. The spheroid
is assumed horizontal,_with its nose pointing forward.

This is a geometric optics formula. That is, it is equal to'ﬂ'Rle,
where R1 and R2 are the principal radii of curvature at the specular
reflection point corresponding to a choice of transmitter and receiver
aspect. Such an expression is valid for short wavelengths such as we
have here, It is independent of transmitter and receiver polarizations,
The contribution it yields should be used only when the specular point is
not shadowed,

For the elliptic cylinders, physical optics cross-sections, which are
polarization-dependent, were employed. The expressions are:

For the lower middle fuselage and the lower front of the fuselage
L 2 2 1.2 .. 2 kDL
LA cos™ 6y cos ¢T a¢ b sin® ==

G'(H’H) = /2 2 ’
o [azsin2 6y sin ¢T + b2cos2 G.JB

D

where D = l+sinercos¢r, a = semi-major axis, b = semi-minor axis, and
L = length of the cylinder, A = wavelength and k = 277/} , 6p and fip
are the usual aspect angles. ©p = /2 and ﬂR = 0 have been inserﬁed
explicitly.

For the upper middle fuselage, which is rotated through 77/2 about
its axis from the orientation of the others, a and b are interchanged in

the expression, so that

11
— A =R = —]l:-
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hkcosh Oy cos? fr a2 b2 : sin’ -;k%
77'[:323052 op + b28in? Op sin® P 3/ D2

Q0 (H,H) =

.kE-L is very large, being of the order of 2007 to LOOT, Therefore,
any slight error in specifying the aspeot, which corresponds to a small
uncertainty in D, may change the argument of sin? % significantly,

Our procedure is then to average the sin? % to 1/2, ylelding a
oross-seotion value, which, assuming the validity of the magnitude
predicted by physical optios, would be approached by thg average value
of a large number of observations "at" each aspect oconsidered,

For the wings and tail surfaces, which we 'represent by trunoatcdl
elliptio oones, we use again a physical optics formula in which an IV"P:‘-
aging has likewise been performed,

For the starboard wing and starboard horizontal tail,

2
G (H,H) = ZQZ(LI"LZ)“"({ (R &lv-d] - [f ] [0 GJ}_

k(A% 1 232)3/2 (tan ﬁ,lﬂ + 7232 + )2

wherein k = %A—” )

Iy and Ly are the two truncation lengths, measured from the vertex
of the oone,

tan ﬂa L and tano(= L , where b and a are the semi-minor and

Ly L2
semi-major axes of the ellipse at Lp,
‘q = tan/tan ﬁ

12 S
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A = cos GR+cos GT:
B = sin @y cos (¢R+<‘f) + sin @p cos (ﬁf +J) ,
C = sin & sin (¢R+J)+sin 8, sin (jZﬁT-Hf),
J is the sweepback angle from broadside,
A A A A
n, = X cos & + Y sin 6, cos(ﬁR +<; + 2 sinQRsin ¢R+J),
A
a--s:.nOTX+YcoseTcos¢T+Cr +Zcose,,s:.n¢.r+J)
A A
d =« 8in QRX+ Ycosc cos ( +d‘ + 2 cos & sin(;ﬁR +c5),

Ta+ls.2 tanp,,IAz r(2132

For the port wing and port horizontal tail, cf is replaced by T -d

=)
]

everywhere in this expression.
For the vertical tail, we use the same form with the following
replacements:

A

sin @p sin ff, + sin & sin f, ,

H

(cos 8, + cos QT) sind + (sin @, cos ﬂR + sin 6, cos {JT) cos CF,

B ’ in 8 1
(cos @, + cos 6.) cos d - (sin @, cos ¢R + sin 6, cos ﬁT) sincr,

R T R
J 1s the sweepback from the vartical ,

s
=

T

A
! ﬁo = X sin 6y sin gy + i [005 8y sinJ-r sin 8y cos fiz cos J]
A
+ 2 [oos 8, cos Cr- gin @y cos f3 sin cf] )
A A
8 = £ cosersinﬁrr-f [sine.i,siucf-cosGTcosQSrcos Cq-Z [sin91~cosJ+cosOTcos;??rsinJ].

A A A ,
=) oosORsinﬁﬁ-'I [ssin@tisincf -coséﬂcosﬁncos C(]-;“. [sinQRcosJMosGRcosz“sin@

o>

1w+ stationary phase evalustlon which ylelds these elllptlic cone crouse
reoti o atpressions wes found to be valld for_r) 20° although it is not

v:14¢C Turther baok.

R 13 [ L
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Finally, the shadowing procedure used for elliptic cone surfaces will
be explained. The physical optics formulation used prescribes an integra-
tion over the illuminated surface only. The contribution to the cross-
section depends explicitly upon the limit of integration corresponding to
the edge of, the shadow, However, the surface currents at the shadow
boundary really go continuously to zero, and do not, therefore, contribute
to the cross-section like the currents at the tip of a body.

For this reason we have treated the factor L1 + L2 in the following
way, which should be a satisfactory approximation:

1. If both ends of the body are illuminated, we use the full

value Ll + Lo

2, If one end is shadowed, only the L corresponding to the other

end is used.

3., If both ends are shadowed, the contribution to the cross-section

is negligible.

L5 Results

In this section curves for G (H,H) of the F-84D &re given in
Figure 1,5-2 through 1.5-6. The cross-section in square feet is plotted
as a function of|§(the rotation angle around the cone) for fixed values
of f , the cone half-angle., The definition of these angles may be

clarified by the following sketch.

1L -
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Maure 1,5=1
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0 20 L0 60 680_ 100 120 1,0 160 180
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Figure 1,5-2
Bistatic cross-section of the F86-D, as a function of

position on the "transmitter cone" for recelver nose-on.
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Figure 1,5-3
Bistatic cross-section of the ’?86-D, as a function of

position on the "transmitter cone" for receiver nose-on,
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O 20 Lo 60 80 100 120 14,0 160 180
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Figure 1,54
Bistatic cross-section of the F86-D, as a function of
position on the "transmitter cone" for receiver nose-on,
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Figure 1,5-5
Bistatic cross-section of the F86-D, as a function of

position on the "transmitter cone" for receiver nose-on,
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Bistatic cross-gection of the FB6-D, as a function of
position on the "{ransmitter conse" for receiver nose-on,
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APPENDIX 2

BASIC CONSIDERATIONS RELATING TO PADAR

2,1 Preliminary Results and PADAR Equations

Fairchild's present experimental set-up differs from PADAR as
described in References 1 through L in that the target elevation angle
18 not measured and the target plane flies at a known altitude., Figure
2,1-1, which is reproduced from Reference 5, shows a typical A-scope
presentation photographed during one of the first runs, The sharp,
nearly vertical, leading edge of the pulse makes possible accurate
reading of the time delay. The avallable data show that the errors in
range presently being obtained can be tolerated, It will be observed
that the experiments do not involve thg angular measurement which
would actually be required in practice, However, the snalysis of
ranging error shows that as range increases 8o does the importance of
error in the angle measurement, and it will eventually be the dominant

souwrce of error for ranges that should be of interest,

Fgure 2,1-1

M
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The analysis of ranging error also shows that the range accuracy
attainable at long ranges can be greatly improved by adequate considera-
tion of the curvature of the earth.

To determine the PADAR range equation consider Figure 2,1-2, P
represents the PADAR receiver and T the transmitter, whose existence and
range is to be determined, The dotted line is parallel to the ground and
the reflection is assumed to be specular (X =<G),

Once T is detected, the information measured by the PADAR is gl’hl’ and

At = (S + 4, - v)/e,

where ¢ is the velocity of light.

To obtain r from this data note that

Figure 2,1-2

22 L
[ eclassified IAW E.O. 11652 dated 8March72
~J 1M\ — Section 5, paragraph D




Declassified IAW E.O. 11652 dated 8March72

Section 5, paragraph D . )
!;EEE IL__ ‘! 1) IE:]! lc::- —] (-

UNIVERSITY OF MICHIGAN

h ha + r sin 8
S = r = 1 1 (2.1.1)
Sino(l Sino(]_
h hy + r sin
d=ctt=f+dy-r="2 0 A, (2.1.2)
sino(l sinocl

hy + h) + r sin 8

T Cos @ = . (20103)
tane(y tancfl
From (2,1.2) and (2.1.3) we get
s
p= doos 3 (2.1.1)

) (cos 8 - coseq)

which may be converted to the form used by Fairchild, namely

_ ‘2 hl(hl + r sin 91) J

d 2

r

(2.1.5)

2.2 Accuracy of Range Determinations

In the measurement of hl,C{; and 8, there are unavoidable errors.
Their effect may be expressed by the first order terms of a Taylor

expansion of r, namely

_ or or ar
Ar = 3 Ae+ 37 Ah1+-5g.- Ad (2.2,1)

- 23
— R e;% ified IAW E.O. 11652 dated 8March72
i J 1 \ ectidnl5, paragraph D




Declassified IAW E.O. 11652 dated 8March72

Section 5, paragraph D

UNIVERSITY OF MICHIGAN

provided the remainder is negligible, Here Ar is the error in r due to
errors in Gl, , and hl' If Ac?, AOl, andAhy are considered to be
random errors, their standard deviations O AS? Ozgl, and Cghl are the
quantities of most interest., If we assume that the errors in 6, cr, and

h, are mutually independent we have

1
2 2 2 2
=(9r +(. QL 2 + I‘) 2
e (ael) a0y @h—l) %y (%J‘ Oad (2.2.2)

If the remainder after the first order terms in the Taylor expansion
is not negligible, Ar cannot be linearly related to the errors in the
input varisbles and the situation is obviously much more complex. In
general it is necessary to examine the remainder and determine for what
ranges of the variables it is negligible., In most instances in thé
subsequent error analyses it will prove adequate to consider only ranges
of the variables where the linear relationship is valid,

The remainder in the expansion (2.2,1) can be written as
1| [ 9% 2, (o2 2 (92 2

2L \(Aey)¢ + An d
7 <; 2) 1) (—"ahl ) (Ahy) +<-9--,-‘,;d )(A )

92 L %

+ 2.9 A Ad +2 A Ahqt 2 dan
I T T ] I
ﬁ;hl.g-

o —_—
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In this expression the derivatives are to be evaluated at some

NN
point 91, hl’ 5¥satisfying

<
but not otherwise determinable,

It is well to note that the sensitivity of the range to a given
parameter as exemplified by the partial derivatives is a function not only
of the geometrical configuration as shown in Figure 2.1-2 but of the
choice of variables to be measured for the determination of r.

A simple example which very clearly illustrates the importance of
this point in an error analysis, and which also illustrates the determina-
tion of a region of validity for a linear error relatioh, is tﬁe following,
Suppose we are given the right triangle shown in Figure 2.2-1 and are
asked to determine the length a by measuring b and @ or b and ¢, Let us
assume our only errors occur in measuring b. In the first case we must use

the equation

a=Dbtan ©

and the error

b
Figure 2,2-1

25
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analysis yields

ha = b tan o,

The remainder is zero., In the second case

a= 02 - b2
and

2 .
Bav-Ab oot 01 +8b 0% [ pePeb+ab .,
2 c2 - %2

~,

2
We shall assume that any measurement in which b exceeds 02 is automatically
rejected. Then the condition that the magnitude of the remainder be

negligible leads to

sin® o» AP
b

Subject to this inequality we have

Aa = - Ab cot Q.
The formulas show formally that the effect of errors in the measurement
of b and either © or ¢ are serious for small © in the second case but not
in the first case; conversely for large ©. That this should be expected
is evident from the fact that for small @, tan @ is a slowly varying
function of © but ¢ and b are nearly equal so that in the second case one
1s taking the difference of two nearly equal numbers, On the other hand
for © near 90°, tan © is very rapidly varying but b and ¢ are quite

unequal, Hence, from Equation (2.1.5)

2%
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Arn I‘2C 0s6y

Ay Aeg, |1+ Ael(

(2H+l)

:ﬂl*sz

osGl- = tan@l) -A-é‘- _;r__ —-;-l
2 h hl

1
(2.2.3)

.
Ahl 1+—A§—1§--Aa’ o 431 AS.._.E-z A
hy

= + r si + r si & oh + 71 (o
In these equations h = 2h) + T sin 91, g=fLtrsin 91, h=2h *Tsing ,

~ o~ 2 - hy 2
~ hq +rsin®e ~ ~ 3
H=_1 1, andr= r(el,l"fi,é‘ )e In order to achieve this relatively
hy
! r2 2rh r2
simple form we have assumed that — cos Ql, —— and were approximately
n m2  2n2

constant in the region from 6., hl,f; to 8) +4 6y, hy +4hy, and §+A§,
This requires that in these intervals h1 is bounded away from 0and 91 from
90°. In addition it was assumed that & % hhl2

Conditions under which the expansion is simply linear in Ael, Ahl’

and AS are
(a) 2Ahl<<1* Ahl <<_1_
hy 2
By
(b) -;,%Acf«l-»i;'zéﬂgg«l (2.2.L)
by hy
. hy 12
(c) —A;ﬁ (H+1)<< 1 (d) -A--l‘ E << 1
f £ o
(e) AGl ;E,—l' cos 31 --% tan Gl‘t:—: Ael |y(91; F/ffi) |<< 1.
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With any reasonable height measurements condition (a) is always satisfied.
From the basic geometry we can certainly expect that lAr|< r so that b

may be replaced by
h. 2

b! 1

) ASa -

2r

which requires that dﬂbe more accurately measured as range increases for
the first order approximation to hold, For 81 = 0, however, it is not a

very restrictive bound, becoming
A 1
§ €’
Next consider (e). The function Y(Ol) = y(Ol; ?/ﬁi),

T=X cos 6, -2 tan @ (see Fig. 2.2-3),
1 1
hy 2

|

r/h
_-—-l\\\\\\ - 01

-r7/2 0 /2

Figure 2,2-3

28
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is monotone decreasing as shown., For 91;>O it crosses the ¥ = 0 axis at
O. ~arcsin [1 = El =0 .
1 )-l»r o]

Also we have

' —
Y( G°)=-2-£oos 8y = gs(l-ﬂ) .
hy hy 8r
If
= hl
'Gl‘< 6, = arcsin (1 - .):.)
r
and ' P —
' r
l 'Ag - l L nd
e LT 'Jhl ( r)

condition (e) is satisfied, Now %].: < 1 8o that 6,> L48° always; generally
it is much larger, Furthermore, let us say f;->30°, then the seaond
inequality ylelds

4 6;« 0L rad,

another restrioction which should always be satisfied in any practical

sltuation, but which may be lightenad for smaller Kr' .
1

2.3 Effect of the Curvature of the Earth

Before making use of the expression obtained for the error in the
preceding seotion we dlisouss the effect of negleeting the ourvature of
the earth,

Referring to Figure 2.3l we see that one effect of neglecting the
angle YV (L.e., assuming \ is zero) is the same as making an error in

determining 91.
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Figure 2,31

30 e
[ eclassified IAW E.O. 11652 dated 8March72
( JRIA — Section 5, paragraph D




Declassified IAW E.O. 11652 dated 8March72

Section 5, paragraph D
)
==

UNIVERSITY OF MICHIGAN

If ﬂf is not taken into account the resulting computed range is

always too short by an amount

—W.N""' _— T ——— (203'1)

for small Gl.R = radius of the earth,

Equations which take the curvature of the earth into account exactly
are derived with reference to Figure 2.3-1 as follows:

The quantities which are measurable in the PADAR aircraft are really

8 and h rather than 6; and hy. The quantities @ h,, ande<_ are related

1’ 1

to 6, h, and < by

6 = V+oe, (2.3.2)

hy = (R + h) cos‘Y/-R, (243.3)
and

ql = O(_ ]r. | (2.3-)4)

In addition to these equations we have

(R + hy) tan \'/tan(oc-\y) = h (2.3.5)

1°
Equations (2.1.2), (2.1.3), (2,3.2), (2.3.3), (2.3.L) and (2.3.5) are
six independent equations involving the six unknowns, r, 81, Xy, h1,°C
and Hf 3 the parameters to be measured,df, ®, and h; and the known
quantity R. Hence, in principle, they can be solved simultaneously and
an equation obtained for r in terms of é‘, 8, h and R. However, 91 and

OCl may be eliminated immediately leaving only four equations in the

unknowns, r, hl’ &« and qf.

31
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2.l Magnitude of Errors

2.4.1 Bias Errors Due to Earth's Curvature

An approximate determination of the effect of neglecting the earth's
curvature is given in the following table, computed using Equation (2.3.1)

and r and h combinations satisfying Equation (2.1.5) with At = 2,5/860,

h T r/h Ar
miles miles r
1.9 15.4 8ol .02

3.8 61.6 16,2 | .1
5.7 | 139 2holi |
7.6 222 29.2 | .8

=

Table 2.4-1

2.4.,2 Random Errors

To get orders of magnitude to be expected for GAr let us assume
r

©~0, We shall assume that the altimeter reading for h will lead to

G‘ .
——gé-k-l ~ .01*. Let us assume that At is being read near the smallest

o :
readable value so that we might expect gé rools The accuracy of reading

Swill depend greatly on the steepness of the leading edge of the trans-

mitted pulse and on the terrain roughness, There will be a minimum error

#*
This error will be larger over hilly terrain or cities with tall buildings,

S—
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0
of approximately'% = ,004 rad in a stable table determination of the

horizontal. The accuracy of determining 6, once a reference horizontal
is fixed, is at best about CTAQ = ,001 rad so that (Thg = ,005 is an

estimate of the accuracy in the © measurement., We obtain the net result

of these errors from the equations of (2.2)

1/2
G 2
Az =(; 25 x 10 + L x 1074 + .01) .

This yields the results given in Table 2.,4-2,

o
r/h . ___A£
| r
2 1 .1
10 1
25 L W2
50 3

Table 2.4=2

The pertion of these errors which is not due to error in the stable
table determination of the horizontal can be further reduced by smoothing.
However, at the longer ranges this unreducible angular error is the dominant
source of the error., These errors give an idea of the accuracy which might

be expected over fairly level horizontal terrain or moderately calm seas.,

33
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It should be pointed out that the derivatives such as‘f%% can be
obtained from the equations for a curved earth by differentiating each
of the final set of equations arrived at in Section 2,3 with respect
to the independent variable in question, h, then solving the resulting
set of four linear equations in .@.‘f, Qﬂ, ..@.3.3:, OF and I, In this way
dh 9h” dh dh dh

a more accurate but far more complicated expression than Equation (2.2.3)

for the effects of errors can be obtained,

2.5 Terrain Considerations

Over rolling, or flat but sloping, terrain the above numerical error
analysis is not applicable, It is based on the ground level lying
perpendioular to the radius of the earth, Any deviation from this plane
is esaentialiy & non=-measurable error in 6 in addition to the ones
considered previously,

It is therefore svident that quite small slopes of only 1° or 2° oan
easily shoot the relative error in range above 100 per cent, If the
ground 4s simply rough or rolling up and down on a short enough scale the
error will very likely be essentially random but often with,g noh-zero
mean which puts a bias on the results even when the fluotuaﬁlona are
smoothed out, Long paths along & smooth slope in one direction will
similarly give a bias error,

If PADAR 18 to be used with good results over sloping terrain

(which would be quite common over land) 4t is necessary to measure the

“
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angle oC, The new geometric situation is shown in Figure 2.5-1*. A
straightforward generalization of the previous set of equations leads to

the replacement of Equations (2,1.2) and (2.1.3) by

6 - —-l——h + -l-—-——-—-h +rsin 0_]_ - r (20501>
sine. sinc,
1 2
pak
pizon
0 L Bo

«—Apparent Target
Direction

Hg\u‘@ 2.5'1

*In what follows the normal to the sloping surface has been chosen to be

in the plane defined by P, N, and T, If the slope has a component perpen=
dicular to this direction, the equations involving ©< are no longer valid,
However, the effect of such a component on range error is much less than
that of a comparable component in the plane (for small slopes) and thus the
equations derived will still be approximately correct.,
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h hy + r sin ©
r cos &= 1 .4 1

- tano(l tan 062

(2'502)

Equations (2.3.2) through (203.5) still hold, These equations now involve
the unknowns r, s o(l, 0(2’ hl’ and ’7V in tems of R and the parameters
J 5 9, hy and X to be measured,

In general an accurate measurement of < will be difficult and it is
not easy to give an estimate of the effect of this error.

The following relatively simple set of equations may be used instead
of the above to determine range when oC is measured, In this case, the
significant parameters are f = 6 +0¢ and W = g - ¢, From Figure 2,5-2

we have

36
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2
(R + h)2 + «V]_z - 2/1 (R+h) cosw=-R =0, (2.5.3)
ﬂlz + 18- 2r,pl cos @ -/€22 =0, (245.L)
Combining these with

pl*‘ﬂz-r-&:O (2-505)

yields three independent equations for the unknowns ﬂl, /2 , and r in
terms of the measurable quantities g,w, h, and & and the parameter R, By

implicit differentiation of these equations we find

or I"Pl sin f
EL —jg-r+/1 cos g (2.5.6)
9_5 _ (R +h) ,oleinw(ﬂ&hﬁ - r cos ) (2.8.7)
Sw [jl-(ﬂ-l-h) ccsw] (jz-r *’Pl cos @)
‘S‘E _ [-(R+h) +ﬂlcosw] (/ﬂ; -r cos f) (2.5.0)

[]1 - (R+h) cosw](j2 - v+ 4, ocos f)

-4
r o 2 2.5.9

gg /2 -7 +jl cos ff ( )
'§§ -(h j;cosw jrt-&- r cos @) (2.5.10)

[jl (R+h cosw] /2 - r+ 4 cos )
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We shall compare the orders of magnitude of these derivatives with
those obtained for a flat horizontal earth when @~0 (see Eq. 2.2.3).

We let f§ be small, and W~ I - @, Then P~ 2h/r, Also we shall assume
2

16h

In r2-lRkn’ 98 26 o

Ar _
LEETE

glven in Equation (2,2.3) for the same case,

¥_=§Ae+§ bn - 248

In the present case we obtain

T

8R 3Ir(r? -th)

In the limit a8 R—e=c0, for 6 = 0 and o€, =ol= g, these coeffi-

cients are of the same order of magnitude as, but not equal to, those:

- In Equation (2,2.3) we had (for first order terms and 9~0)

— - 1 \
A5 0oL (ag e - 3 Ah + 2 AS.

’”
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The reason for grouping the angular terms in this fashion is that
Ad +0w=4A (F +w) =A(.12E. + 0), is precisely A6. We denote the range as
determined by the more complicated technique as T. Then combining these

relative error equations gives

It will probably not be possible to measure @ (which is the direction
to a diffuse reflector) with nearly as good accuracy as can be obtained in
measuring 8 (direction to a transmitter)., We regard 6 and @ errors as

uncorrelated and obtain

O‘ 7 1 2
Ar T2 UA¢ CQ\.?_ )
— r
r

This shows that if the assumption concerning the accuracy with which
@ can be determined is correct, using T instead of r will usually lead
to increased range errors for the flat earth, equal altitude case.

It is worth mentioning that conventional anteénna pointing methods
such as conical scan should not be expected to give very good results in
determining @ since there will generally be no very clearly defined bright
spot on the ground standing out from the surroundings and subtending an
angle much smaller than is enclosed by the antenna half power points,.

The effect of index of refraction variations in the atmosphere in

deteriorating the accuracy of o< measurements is discussed in the next
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section, Here we merely point out another source of error due to
refraction; namely, refraction of rays through the radome, This, however,
is to a considerable degree under the control of the PADAR equipment

designer,

2.6 Bffect of Index of Refraction Variations

The index of refraction of the atmogphere is not'a constant from
point to point. The rays representing the direction of energy propagation
are therefore not straight lines but bent,

Because the index of refraction is affected by variations in the
temperature and moisture content of the air, it fluctuates considerably
near the earth's sﬁrface*. In the mést extreme case, the phenomenon
known as ducting occurs. This is a situation in which rays below about
1° to 2° from the horizontal are to a considerable extent trapped and
guided along the earth's surface, There are large regions of the world
where this situation is almost always present, others where it occurs
at night only, and others where it occurs irregularly, Thus, it appears
that PADAR will be unreliable for situations where the angle X must
be measured, if the indirect ray ié at angles °<1 less than abaut one.
degree. Whether or not o¢ is measured, poor results are to be expected
from this source for extreme ranges, or for receiver and transmitter at
low altitudes (i.e., whenever the direcﬁ ray comes close to grazing

the earth).

*
The characteristics of these random effects are undergoing investigation
in various quarters,
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For greater °<1, the ground layer effects will not predominate, At
higher altitudes, fluctuations in the index of refraction tend to be less
violent, though ducting is still present at times (and when it occurs may
preclude ranging), On the average, the index of refraction falls off
fairly continuously with altitude, though large fluctuations are possible,
The data appear to be very scarce above a mile or so, The error introduced
into the angle measurements by the bending of the rays becomes comparable
with the non-refraction angle errors at ranges of the order of eighty miles.,
8ince refraction tends to lengthen all the ray paths, direct and indirect,
barring ducting the effect on Crwill usually be small,

This disoussion is of necessity preliminary. Further analysis and
correlation of data and much new experimentation would be required to

clear up the propagation picture,
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APPENDIX 3
FURTHER APPLICATIONS OF PADAR

3+1 General Copsideratjons
The situations in which the PADAR technique may be used fall naturally

into two broad classes., The first involves determination of the range from
receiver to transmitter; the second, determination of range from receiver
to reflector. The most promising application in the first class appears

to be the original PADAR scheme which has been discussed at length in
References 1 through 5 and in Appendix 2, The subject of this appendix

is applications in which the range of a reflecting object is to be deter-
mined. Two such problems will be treated in some detail.

342

3.2.1 Statement of the Beam-Rider Range Problem

The situation to be considered is illustrated in Figure 3.2=1.
Consideration of the gecmetry involved shows that missile range information
may be bought only at the price of an increase in the complexity of the
system. Determining the range of the attacking missile involves the
measurement of the two angles, /3 and @, analogous to those of Appendix 2
(2.5), rather than the gne required in the simple "bounce off the ground"
scheme discussed first in Appendix 2, Furthermore, although these are
olpont;ally the same measurements made in the modified PADAR technique
discussed in Appendix 2 (2:5), the situation is further complicated due
to the addition of a new dimension, In the "bounce off the sround"

L2 R ——

L]
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Flgure 3.2-1
Noetet The plane defined by MPT 1e the one in

which @ 1s measured and it is generally not
the vertical plane,

I——
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problem, a two-dimensional picture sufficed to approximate the situation
since the PADAR airplane, the transmitting airplane and the ®bounce point®
were assumed to lie in a vertical or nearly vertical plane. Now, the

same measurements as before can be made to yleld range information. How=

ever, an additional measurement is required if the direction of the

missile is desired. It should be kept in mind that accurate angular
measurement was shown to be the most important requirement for improved
PADAR range determination.

Because beam-rider missile systems involve both a tracking radar and
a guidance transmitter the question of which of these is providing the
PADAR energy must be considered in this application. After the incoming
bomber is in the direct beam of the tracking radar, the missile is launched
in the beam of a guidance transmitter and tho‘guidanco beam is brought
into conjunction with the tracking beam. These radars will bs assumed to
be operating at different frequencies, Thus, tuning of the PADAR receiver
eliminates confusion of the two. Since the beam-width of the tracking.
radar will generally be very narrow in comparison to the beam-width of the
guidance radar, the utilization of the guidance radar in the PADAR tech-
nique, despite its lower power, seems to be necessary. Whichever radar is
used it is quite possible that because of the absence of sufficiently
powerful side lobes, no range determination can be made in time to take
any effective action. Information as to the pattern of an enemy trans-
mitter is essential in deciding whether PADAR should be developed for this

application. In the absence of this informatjon it will be assumed that

eclassified IAW E.O. 11652 dated 8March72
. — ™\ | nemmndiy Section 5, paragraph D




Declassified IAW E.O. 11652 dated 8March72

Section 5, paragraph D
- )

UNIVERSITY OF MICHIGAN

the direct path signal from the transmitter is detectable at the PADAR
receiver throughout the interception.

We estimate the minimum missile cross-section such that the incoming
bomber can detect the missile at any point along its trajectory. The

radar range equation in the form

g = W R (3+2.1)

AG G, |
where subscript 1 refers to the transmitter and subscript 2 to the receiver,
indicates that for fixed values of the minimum detectable received power
P, the wavelength, the gains, and the peak transmitted power, an upper
bound for the minimum (" will be obtained for the maximum value of
(—/ 1 / 2)2. We will now specialize to a particular beam-riding missile
system, Talos. Choosing the parameters for the missile guidance trans-
mitter on the basis of information given in References 8 and 9 we obtain
for the Talos system

wr (A

G = o £ 1, (3.2.2)
(.0625) 103G, 15

A= 25 ft , G = 10°
P, = kw., A, = 1.,
Ay = tte

Typical maximum values of the product of the ranges, /ljz should be of
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the order of 25 ° 107 square feet, The parameters over which the PADAR
designer has at least some degree of control are Py and Gy. It seems
reasonable that a receiver with a gain of about 1000 and a minimum
detectable power of 10-17 Kw, could be produced. Very roughly then, the
order of magnitude of the minimum cross-section to permit ranging the
missile throughout its attack is of the order of 1 to 10 square feet, It
should be pointed out that this result is far more sensitive to variation
of the value of the range product than to that of the other parameters and
that if the beam-rider missile has greater range capability than Talos
this minimum cross-section increases greatly.

In ordinary PADAR the reflected signal moves away from the direot
signal on an A-scope presentation as the range decreases, However, in
such applications as this one, the path difference which is being measured
tends to zero; hence on an A-scope the reflected signal moves toward the
direot signal. This probably inoreases the diffioculties arising from
the presence of more than one targets A preliminary caloulation 1ndiol§ol
that it may be possible to use the Doppler effeot to disoriminate betwsen

different targets,

34242 Brror Anslysis for the Talos System

With the above general oonsiderations in mind we proceed to determine
ranging aocuracy for those cases where the angle )‘betweon the transmitter
and receiver direotions, measured at the missile, is equal to, or greater

than 120° The PADAR carrying airoraft i1s referred to herein as a bomber,

= 1 s [} I Y
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On the assumption that it is more important to have accurate range
information at ranges under 100 miles, only such missile-bomber separations
will be considered, |

Referring to Figures 2,5-2 and 3,2-1 we observe that the algebraic
manipulation involved in obtaining the unknown distance is the same in
both cases, Substituting /3 for () and interchanging r and ./1 in
Equation (2.5.3) gives us, with the help of Equations (2.5:L) and (2.545)
which still apply, & system of equations from which j 1 may be determined.

jl+ 12'r=cr (30203)

122 = /12 +rf -2 jl cos § (3e2.4).

2= R+ n)2+2fa2r®+h) gos/g | (3.2.5)

from which we obtain

- d(d'+ 2r)
"1 2(354- r=roosf) ' (3'2'6):

Writing

1+ bl = (f+ad)(2r + 28r+& +pd ) (3.2.7)
: : 2[0”+M+(r +Az-)(v+Av)]

where v = 1 = cos f, we obtain

| h? . e —
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A - d%(-v) Ar + [6% 2vr(r +d 1A —r(2r+ & av
. 2(8+ vr)2 (1+€)
(3.2.7)

+ 2(d+ vr) ArAS +(J+vrm2—6'(2r +d) Avhr
2(8+ vr)z(l +€ )

where

E-rAvtvir +A£+Avﬁr
d+ rv

Neglecting second order terms in the errors gives the first order terms

of the Taylor series

M, - d2(2-v) br + [6% ovr(r +8)]08 -nd(or +§)pv | (3.2.8)
2( J-!- vr)2

It is necessary to examine the conditions under which. this is a good
approximation., They are ,A_é‘_«l A‘S<< 1, A ==« 1l and Avg v +-i
r
The last condition corresponds to boundlng ¢ away from zero, This is a

very natural restriction, since when the missile is along the PADAR-

transmitter line of sight no range determination can be made., The bound

we will use on # will be: 20 |Af|< # (which leads to v>104v). Ap

contains only random errors and should be measurable with good equipment
)

to an accuracy of at least + .1 + This leads to v »,001 corresponding

to the fourth condition. In virtually all situations of interest, the

L_‘ eclassified IAW E.O. 11652 dated 8March72
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Taylor series adequately represents the error in range. Now

Av = sin gAQ = *IV(2-:V) g.

Replacing cf/r by u,
4, = % zhl(u,V) Ar - r hy(u,v) g + hs(u,V)AJ} ’ (3.2.9)
where

h‘l(u,v) = —L—“"luz I

(u+ v)2

uw(u+ 2) §v§2-v)

hz(u,v) i (u+ v)2
2w
h;(“:v) =1+ %ﬁ':va)E .

In Figures 3.2=2, 3.2=3 and 3,24, hy, hp, end hy are plotted as functions
of u and v, These figures may be used to obtain the valus of the error
in ,/i for any assumed oonfiguration and f£ixed errors in f, dﬁ , and r, the
measured quantities, Furthermore if we regard hy, hp, and h3 as the
weights assigned to the errcrs in messurement,the three figures give an
immediate qualitative picture of the importance of ‘qaoh of the error
quantities,

As before, the quantities in Equation (3.2.9) are uncorrelated;
thus, the standard deviation of the distance Ml is

T ——— L9 _—————J
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hl(u,v)
2

Figure 3,2=2
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Figure 302"3
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hy (u,v)

AN

Noete Reversal
of Axes

Flgure 302'&

2 52 R
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~1/2

2 2

O‘Apl ____J§. {{hl(u’v) O‘Ar] +[rh2(u,v)073¢}2 +[h3(u,V) 025J

few cases were computed,

Ag

in Table 3.2-1.

5° 091 1.1
10° 36 35

15° | B0 | .22

Table 3.2=1

pé.rtial derivative notation

Afls-g-glwﬂ-%M«“%’g} Ar

Ar-.?/s,EA/s +3‘§ A h,

53

(3.2.10)

To give an explicit example of the sort of errors to be expected a

Here r was chosen to be LO miles and jl as 15 miles, For the errors,
Opp =1 mile, G = .0l mles, and 0, = .1°, This is not a particularly

favorable case, The results and the @ and J combinations used are shown

In order to compare directly the errors in this case with those

ocomylyg when the reflection is from the ground we rewrite Ml in the

(3.2,11)

(3.2.12)

L]
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(R+h)cosﬁ—r J-jl-f- 1 cos ff @/5 2 3)
r=iR+h)-rcosﬁ=é”+r-rcos¢ &pl (3.2.14)
(R + h) cos/’;-r J-jl-t,plcose oh o
Or, analogous to the equation given in Appendix 2 (2.5) for the error
jl 91)1 &/ &I
M, - a/s A[& 1A 1Aé‘ (3.2.15)
where
9_{1. r jl sin ¢
57 (f"' -t o d ’ (3.2.16)
M1 (f+dycos p- L) T@+ 1) sin A
aﬁ (d+r - r cos #) [r - (R + h) cos/}] ’ (3.2.17)
&plz (J-jl'*"el cos ) [r cosA-(R-i- h)J
dh  (f+r -r cos g) [r - (R+h) cos/S] ! (3:2,18)
o, _ /4,
9 S+r-rcos )] ’ 3.2.19)
&01 B 2}12(1 + cos f)
ar - (dﬁ_._ 21‘)2 . (3.2.20)
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It can be seen that the coefficients in Equation (3.2.15) are generally
smaller than the corresponding coefficients in Appendix 2 (2.5)*. In
addition, the errors in this case are generally of the same order as those
in Appendix 2 (2.5) and in particular the most important error, the one in
/3, is much smaller because in this case we measure a direction to the
transmitter, in the other to a diffuse spot on the ground. Thus it is
seen that Equation (3.2.12) yields much smaller range errors than does the
corresponding equation of Appendix 2 (2,5) for all cases of interest where
Equation (3.2,12) is valid,

If we neglect d}Z with respect to.J&, then

2 51
Ay, A sinp

(3.2.21)
Ny d
o, 44, (3.2.22)
of rd o
aflm £? ar (3.2.23)
aﬁ r2 aﬂ [ XN
1 _ b7 ar (3.2.2l)
Oh rl dh
aﬂlm 12(1 + cos ) (3.2.25)

or 2r2

%*
We omit.ﬁ%fl R which is always small in this case.

JR
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These approximations are very useful in the case in which the beam-
rider missile follows a trajectory near the transmitter-PADAR line of
sight, In the case of an up and over trajectory cﬁ/2 is not always
negligible with respect to .ﬁ .

3.3 Application of PADAR to a Reflecting Target Experiment

3.3.1 Description of the Experiment

It has been proposed by the United States Air Force that some
experimental evidence olarifying the feasibility of obtaining range
information on a reflecting target could be obtained with the use of
readily available equipment, Referring to Figure 3.3-1, in the proposed
experiment one F=86D aircraft irradistes ancther, and the present Fairchild
PADAR equipment (modified so as to be able to obtain the appropriate

angular measurements) makes range measurements,

FPigure 3,3=1

— 3 —_—
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In principle, range information can be obtained in this situation;
the problem differs from the one discussed in Appendix 3 (3,2) in that
one less piece of information is available -- the height of the trans-
mitter (or equivalent information) must be supplied to the PADAR carrying
airplane, The governing equations are very similar to those determined

in Appendix 3 (3.2.2); they are

i2r +cr)
2 [+ r (1= ocos g)] (3:3:1)

r= (3.342)

aos /3

3.3.,2 Deteotability of Refleotion

The reflected power received can be determined from the following

form of the radar range equation

P o X B0 GG
p =
(M’)B(Ilja)z

(3.3.3)

where:

Pl = transmitted power (200 kw)

1
G, = receiver gain (900)

G, = transmitter gain (103, assumed)

N = wavelength (3 om)

(" = ocross-section of the reflector

. iy
4,,'1«.' ‘ﬁ
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Values of these parameters for the E-4 fire control system of the F-86D
and the APS-4 receiver utilized in the Fairchild PADAR aircraft were
obtained from Reference 10, The range r is assumed to be fifty miles
or less. Reference to Appendix 1 shows that for the angle )‘ restricted to
a range greater than 120°, the minimum radar cross-section of the F-86D
is sbout 3£t2.

The largest value of 11/2 is approximately 625 miz. From
Equation (3.3.3) we get

=17

P X110  kw,
2

16kw for the APS-4

Comparing with the minimum detectable signal of 10~
receiver, we see that for detection of the reflected signal at least
a factor of 10 must be picked up. That is, the quantity 0'/,(12»(22
must be at least 10 [G'min/( fljz)zmax] , Hence at ranges Il g ]2 %25 mi,
G must be at least 30 ftz. Referring to the cross-section data of
Appendix 1 one sees that for the cone f = 20°, the smallest cross-section
is 98i‘t2; on the cone f = 30° the cross-section is above 30ft2 for §
between 0° and 20° and between about SSO and 180°; for f = 40°, 50°, and
60°,0"> 30ft2 only for: very limited range of the angle 5,

Hence on the basis of these numbers ,:.k'ueﬁ would expect the reflected
signal to be detected when /1 = 12 = 25 mi,“ over all aspects of the cone
f = 20°, over about 3/l of the cone f = 309 and essentiaily not

detectable on the larger cones, We point out that usually radar sets do

58 L
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not operate at 100% efficiency, the degradation tending to reduce the
expected ratio of received signal to noise., Also the cross-section values
are only calculated to an accuracy of + 10db (a factor of 10).

Taking into account these uncertainties, we make the following rough
predictions concerning the detection of the reflected echo, Let us define

the instrument degradation factor, #/X' where X = f_];___g_l__Gg » where Py
N

L}

noise power in the receiver as given in the instrument specifications s
Pt’ Gy, and Gr are the values also given in the specifications; ¥!' =

PG, 'G,!
-—1-P——:,-L-—-2-, the primes indicating actual values obtained in practice, We
N

will not consider high, narrow peaks in the computed cross-section as

being significant, since comparisons (Ref .'6A) of previous theoretical

computations with experiment show that these peaks are generally too high,
On the basis of the assumption that .7% & 2, we will predict sure

signal detection if the computed received power, P2, divided by 10 X' is

greater than PN; fair probability of detection if ._22.._ <PN f._. 3
10%"! X
10p,
no prediction when -I:g- <P (3193.2. 3 low probability of detection if —2 ¢P .
7(‘ N %' K' N

[; 512 x 25 miles; X/ X' ¢ 2

Since A/ A is assumed £ 2,0~z 60ft% will be detected.,

J = 20°
If all the computed cross-sections were a factor of ten too large,
there would be no detection, If6°Z —-;‘ . 04(0% 1s the computed cross-section)
the echo would be detected at about half the aspects on this 20o cone,

Conclusion: Fair probability of detection at most aspects,

59
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J = 30°, 40°, 50°, 60°

No prediction.

j] ’—\‘—Jjg 215 miles; K/X1 <2

Detection if G, =80£t2,
= 20°

Detection at all aspects,
J=30°

0 0 0 o o

Detection at § :~10°%, 60 to 100°, 170 to 180 .
J = 10°, 50°

Fair probability of deteotion at most aspeots,

No prediction.

(71 &‘/2 = 10 miles; /K 1<2

Detection if 6"0915&2.
S = 20°
Detection at all aspects,
J=30°
Detection at all aspects.
f= 1o°
Detection at ¥ : 0° to 25%; 70° to 8503 140° to 180°
J = 50°

Detection at ¥ : 10° to 20% 160° to 180°, Fair probability of

detection at most aspects,

60 L
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S = 60°

Fair probability of detection at most aspects,

/4, 2/2 S 5 miles

Detection if G°g=1 square foot . Detection at all aspects even

if X/%' is as great as 6,

3.3.3 Brrors in Range for the Experiment

The equations governing range determination in the proposed experiment
differ from those derived for the problem of determining the range of a
beam-rider missile in only one partioular, In the experiment it would be
necessary to provide the PADAR with information to make up for the fact
that its altitude relative to the transmitter can no longer be computed
since it is proposed that an airborne transmitter be used, One of the
simplest ways of making the problem determinate would be to have the
transmitting airoraft supply its height to the PADAR, The following
disoussion is based on the assumption that this would be done if the
experiment were performed, Neither the analysis nor the results would
change much if another technique was used.

Assuming that the transmitter ia operating at a known altitude the
distance r 1s now obtained by means of the felation r= ;%&7§ instead
of by an application of the law of cosines, That is, the situation in
the experiment is that whioh would obtain in Appendix 3 (3.,2) if it were
assumed that the earth is flat, If we take the limit as R—=m in each

_—
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equation of that section the resulting equations are precisely those
which apply here,

However it will be seen belpw that if the experiment were performed
with the present PADAR equipment,very large errors would generally be
found, This is so because the APS-lL antenna of the present PADAR equip-
ment cannot provide angle measurements acourate to better than about
three degrees,

One should not rely too heavily on the validity of the Taylor expansion
in this case because of the size of the angular errors. Nevertheless s for
angles satisfying the restriotions imposed in Appendix 2 (2,5) it will
still be valid, The exaot error, Equation (3.2.7), may always be examined
in any speoifio case to deoide what approximations may be made,

We examine an interesting special case:

Oonsider the quantity 4r. We measure r by

bl

ou/s

Az » 3 ﬂ!ﬁ"-&"-‘.é."m sin /4 linjﬁ 4n
OOIﬁ (OOI/SOOIAA - sin/ sin Aﬁ) cos A

Henoe

or

Ar  con B s condd+ ainBaingdd . An'
? con (B+44) h!
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For the APS-4 receiver, A/& 2 3% ,1 rad. Clearly for/$ near 90°,
Ar

—— can be infinite, (-—A—-I:—v—oo aS/§+ A/3 —90°), However, this does

r r
not necessarily pfeclude the possibilityd of obtaining fange information.

If r is actually much greater than /1 (and @ # 0), the range determination
is rather insensitive to r so that one could obtain an accurate value of
/1 in spite of a very large error in r., To determine the expected errors

in ,()1 in this situation we see that

A, —  $%(2-v) Arta(vrrd )Mdnr- S (2rt §) AV Ar
];3+A(s+ 900 2(ve+ §) (vArtAvbr)

or
M., dE@=vyr(ewrad )ng-§ (2rtd) [ J(2=v)v'A g %X(A g) ]
vr+c§‘[v+a~‘(-v)v6¢+ A;ZS]

2r+é‘ d‘)d“

A} 6(2-\?) 2 VI‘+C$)A_5_ _[ (2-V)V A¢+}_;_Y (A¢)2]
A | v+4< -v)vA¢+1“’<A¢>

NOTE: @ is not necessarily small when [)3= 90°, since the latter is true
when the plane of transmitter, reflector, and receiver is horizontal,
Computations based on the above error equations show that in almost
all cases the errors obtained in the experiment would be intolerably large.
Because of this and such factors as the non-comparability of the cross-
sections and equipment we do not believe that the proposed experiment’ could

give results which would be capable of interpretation in terms of the

missileproblem,
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3.4 Bistatic Radar Systems

The growing complexity of the defense and early-warning problems
has led to the adoption of the bistatic method of operation in parts of
the defense system. In the light of probable future developments in the
decoy field and the advantages of bistatic detection which are discussed
in Reference 11, it seems probable that more use will be made of bistatic
radar,

It was observed in an investigation made in 1952 that the principle
used in PADAR could be made to give range information in a pulsed bistatic
system, (Ref, 12), Its use for this purpose was suggested by an article
on the ranging of atmospheric irregularities in which the basic idea
appeared, (Ref, 13).

One can say without computation that in most cases the accuracy of
the range information obtained should be better than that obtained in any
of the proposed applications of PADAR., This is so because only one angular

measurement 1s required and that one is made from the ground,

N
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