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FOREWORD

This report was prepared by The University of Michigan Radiation
Laboratory, Department of Electrical Engineering. This is Volume 1 of
the Final Report of Phase I under Contract N62269-68-C-0715, '""Doppler
Radiation Study' and covers the period 1 July 1968 through 1 July 1969,
The research was carried out under the direction of Professor Ralph E.
Hiatt, Head of the Radiation Laboratory and the Principal Investigator was
Professor Chiao-Min Chu, The sponsor of this research is the U.S. Naval
Air Development Center, Johnsville, PA., and the Technical Monitor is
Mr. Edward Rickner.
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ABSTRACT

The radiation characteristics of a doppler velocity sensor radar have
been studied. A theoretical investigation has been made of the reflection of the
electromagnetic radiation from an anisotropic Gaussian surface. In particular,
from the known angular spectrum of ocean surfaces, the bistatic scattering
cross section is derived for an open developed sea, The results thus obtained
are then applied to the study of the reflected radiation from the doppler
sensor equipment on an airplane. Computer programs are set up to calculate
the directional distribution of the reflected radiation for a transmitting antenna
of given radiation pattern. Computed results for the AN/APN-153 antenna,
showing the spatial and temporal variations of the reflected radiation, are
given for a wide range of relative positions of the transmitter and receiver
for a few different wind speeds. Finally, the reflected radiation from an
anisotropic ocean surface of Gaussian distribution is compared with models of

specularly and diffusely reflecting surfaces,
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NOMENCLATURE

2
A dimensionless parameter: A ratio of (scale length)” to mean-square
height of a sea surface in x-direction.

2
A dimensionless parameter: A ratio of (scale length)” to mean-square
height of a sea surface in y-direction.

A factor involved in the Neumann spectrum.

Decibel .

Incident and reflected electric field strengths.

Radiation frequency.

Normalized antenna radiation pattern.

Normalized radiation power density .

Normalized radiation power density per unit solid angle for a
Lambert scattering in the direction of arrival of maximum

radiation intensity.

Normalized radiation power density per unit solid angle for a sea
surface in the direction of arrival of maximum radiation intensity.

Normalized radiation power density for specular reflection,
Free-space Green's function,

Gain of a receiving antenna,

Gain of a transmitting antenna,

Acceleration of earth's gravity,

Correlation function of a random surface.

Incident and reflected magnetic field strength,

VARS

Electric surface current.
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A function of surface slopes

Radiation wave number

Wavelength of the sea surface-wave with the minimum phase velocity.
Correlation distances of a sea surface in x- and y-directions.
Index of refraction.

Unit normal vector.

Incident radiation power density.

Total received power .

Received power density.

Transmitted power.

Specularly reflected radiation power density.

Parameters associated with the phase of the radiation in x-, y- and
z~directions,

Hypothetical maximum range of detection.

Reflection coefficients for perpendicular and parallel field components.
Position vector.

Position vector for a transmitting antenna.

Position vector for a receiving antenna.

Time.

Wind speed.

Normalized x-coordinate with its origin at the transmitting antenna.

Rectangular x-coordinate.
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Rectangular x-coordinate of a transmitting antenna.
Rectangular x-coordinate of a reflection point.
Rectangular x-coordinate of a receiving antenna,

Unit x-vector .

Normalized y-coordinate with its origin at the transmitting antenna.

Rectangular y-coordinate.

Rectangular y-coordinate of a transmitting antenna.
Rectangular y-coordinate of a reflection point,
Rectangular y-coordinate of a receiving antenna.
Unit y-vector .

Rectangular z-coordinate,

Rectangular z-coordinate of a transmitting antenna.
Rectangular z-coordinate of a reflection point,
Rectangular z-coordinate of a receiving antenna.
Unit z-vector.

Surface slopes in x~ and y-directions,

A parameter defined as qx/ q,

A parameter defined as qy/ a, .

Coefficient of surface tension/water density.
Latitude angle in spherical coordinates.

6-coordinates of incident and reflected radiations.

0-coordinate of a radiation pattern of a transmitting antenna,

(vi)



0-coordinate of maximum reflected radiation intensity for a
Lambert surface.

6-coordinate of maximum reflected radiation intensity for a sea
surface.

6-coordinate of specularly reflected radiation intensity.

Sea surface-wave numbers in x- and y-directions.

Free-space radiation wavelength,

Normalized height variables.

Scattering cross section .

Sea surface-wave angular frequency.

Correlation distances for a random surface inx- and y-directions.
Azimuth angle in spherical coordinates.

p-coordinates of incident and reflected radiations.

-coordinate of a radiation pattern of a transmitting antenna,

#-coordinate of a maximum reflected radiation intensity for a
Lambert surface.

-coordinate of maximum reflected radiation intensity for a sea
surface.

-coordinate of specularly reflected radiation intensity.

Sea Surface-wave spectrum,

Wind direction,

Unit vectors for the directions of incident and reflected radiations.

Solid Angle.

(vii)



I
INTRODUCTION

This report summarizes the results of the continued theoretical and
experimental investigation of the radiation characteristics of a doppler velocity
sensor radar. In the previous work (Chu, et al, 1968) the characteristics of the
direct radiation, the reflected radiation from a specularly reflecting surface, and
a diffused Lambert surface were reported, along with the estimates of the
detectability of such radiation. In the present investigation (Contract N62269-68—C—0.715)
attention is focused on the characteristics of the reflected radiation from an
anisotropic Gaussian surface in the belief that such a surface poses a more
realistic model for an open developed sea.

Appendix A presents theoretical formulas of the reflected radiation from a
random sea surface. In deriving the bistatic cross section of an anisotropic
Guassian surface, through the physical optics approach, the Neumann spectrum
was adopted as an angular spectrum of an open developed sea which incorporates
the effect of the wind speed. The expressions thus derived were used in
the various computations pertinent to the discussion of the problem.

In chapter II we present the basic formulation of the problem in calculating
the reflected radiation. Based on the radiation pattern of the transmitting
antenna, reflected radiations are discussed in detail in terms of the angular
distribution of reflected radiation.

In Chapter III the various computed results for the reflected radiations
from an anisotropic sea surface are presented together with the effect of the
wind speed on the apparent direction of arrival, and maximum intensity per
unit solid angle of the reflected radiation for various geometric conditions,

These results are compared with the corresponding cases of both a specularly

reflecting surface and a Lambert surface,



Finally, in Appendix B, the computer programs are presented for the
numerical evaluation of the reflected radiation intensity for any transmitting
radiation pattern, relative geometry between the transmitter and receiver and
the parameters describing the sea state.

The use of these computed results in the estimation of the detectibility
of the reflected radiation are given in Volume II of the report (Classified
Secret). Volume II also contains a description of laboratory and field tests and

the results obtained.



I

THE MATHEMATICAL FORMULATION OF A
REFLECTED RADIATION

2.1 Introduction

In order to compute the reflected radiation from an antenna observed
at any point, it is necessary to know the following:

a) the radiation pattern of the antenna,

b) the reflecting properties of the ground or sea surface, and

c) the relative position of the antenna and the point of observation.

In the previous report (Chu et al, 1968), the radiation pattern of the
doppler antenna AN/APN-153 and a coordinate system specifying the orien-
tation and relative position between the antenna and the position of observation
have been given. A summary of the pertinent facts that are used in the estimation
of the reflected radiation is included here for completeness. The mathematical
formulations for the calculation for a specularly reflecting ground, a diffusely
reflecting ground (Lambert surface) and an approximate model for an ocean

surface are given.

2.2 Coordinate System

Referring to Fig., 2-1, we shall choose a fixed, right—hand;ed rectangular
coordinate system with the ground as the x-y plane. The z-axis is assumed to
be directed upwards, and the x-axis is chosen in the direction of the ground
velocity of the airplane carrying the doppler antenna, Thus, for normal level
flight, the longitudinal axis of the aircraft is parallel to the x-axis while the
transverse axis is parallel to the y-axis,

The position of the aircraft is represented by:

r :\x z
—a {a’ya’ az ’
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while the point of observation is represented by

r :ix z
=r {r’yr’ r}

Since only the relative positions between the antenna and the point of observation
are essential in computing the reflected radiation, it is convenient to introduce

the normalized coordinates defined by

X —xa
x= L2 (2.1)
VA
a
y. -vy
y- +—2 (2.2)
VA
a Z
and 1-—r
Za—zr za
£ z +z N Z (2.3)
e y
a

The direction of the radiation from the antenna, observed at a point, or

reflected from a point on the ground, is represented by a unit vector.

A

Q: {9, ¢} ,
where 6, { are the local latitude and the azimuth angles. In the vector notation,
therefore,

A

: A
Q=%sin6 cosf+y sin 6 sin¢+/z\cos6, (2.4)

AEAREA . . . . .
where X, y, z are unit vectors in the x, y and z directions respectively.

The variables used in specifying the coordinates and directions used in
calculation of reflected radiation are illustrated in Fig, 2-1 and explained by
the following:

i) The transmitter is locatedat r :(x ,y ,z ),

-a a’“a’ a
ii) A ray of radiation originated from the transmitter is designated by the
A
direction  :(6 ,¢) ,
o o’ "o

iii) The ray in the direction Qo would be reflected at a ground point

x {xo, yo,OS ,



where

X =X +z tanf cos (2.5)
o “a ‘a o o
= + i R
v, =¥, *y,tan 6, sin ¢o (2. 6)

iv) Referring to a local coordinate system at the point of reflection, the

ray of incident radiation appears to come from -2, where

1
61 : (01, ¢1) = -60
Evidently ,
0, = 180° - 0 (2.7)
and g o= +180° . (2.8)

v) The incident radiation may be reflected diffusely from the ground.

The direction of the reflected radiation is represented by
A

vi) The reflected radiation in the direction 2, is observed at a point r.

2
r.: (xr, Yy Zr)
where

x, =x +z_ tan#, cos ¢2 (2.9)

Y.y, *z, tan 6, sin ¢2 . (2.10)

In general, of course, the radiation from the transmitter is distributed
and specified by the radiation pattern, and the reflected radiation observed at
any point may also be distributed. It appears to be coming from various
A
directions of 92(62, ¢2) . For a fixed r, and L., the relation between (61, ¢1)
and (92, ¢2) can easily be obtained by eliminating A from (2, 5) through (2,10),

The results expressed in the normalized coordinates, are given by

Z
(X + tan 6, cos ¢1) = -Z-L tan 6, cos ¢2 (2.11)
a
p
(Y + tan 6, sin ¢1) = 5= tan@, sin ¢2 (2.12)
a

6



2.3 Radiation Pattern
The radiation pattern of the doppler antenna of interest (AN/APN-153)

has been measured and reported in the previous Final Report (Chu et al, 1968).
The antenna is composed of two sets of slots alternately energized, with
switching frequency 1 cps. One set of slots, energized by Feed No. 1, generates
beams in the right-forward direction (Beam 1) and the left backward direction
(Beam 2) while the other set, energized by Feed No. 2, generates the beams in
the left-forward (Beam 3) and the right backward (Beam 4) directions. These
beams are illustrated in Fig. 2-2.

The reduction of measured radiation pattern for the AN/APN-153, expressed
as F(Go, ¢0), has been reported by Chu et al (1968). Contour plots for Feed No. 1
are illustrated in Figs. 2-3a and b. The same information may be reduced to
F(Gl, ¢1) by the change of variables given by Eqs, (2.7) and (2,8). The pattern
of Feed No. 2 is essentially the same as Feed No. 1 except that ¢0 is replaced
by 360° - g

In terms of F(Gl, ¢1), the power density (Poynting vector) incident at the

a2
surface z=0 from the direction - 91(61, ¢1) is given by:

PG F(6,,0.)
AN ottt 1°h

41 7 sec O
a 1

2.4 Reflecting Surface and Reflected Radiation

When an incident radiation impinges on a surface, the energy may be
specularly reflected, or diffusely scattered, as illustrated in Fig. 2-4a,b, For
secular reflection, assuming that the reflecting surface is an infinitely conducting

plane, the intensity (power density) of the reflected radiation is only in the direction
6, =6 (2.14)
o
=@, +
p, =9, + 180 (2.15)
and the reflected power density is given by

przpi ¢ (2016)
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Fig. 2-2: Beams of Radiation and Ground Illumination for
APN/153 Antenna System.
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" Lilfr pr(63, P2)

Fig.2-4a; Specular Reflection . 6,=6), fo=p; * 180°

Fig. 2-4b: Diffused Reflection.
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On the other hand, in the case of a diffused scattering, the scattered power
is distributed over the upper hemisphere. The distribution of the scattered
power may be expressed in terms of a bistatic scattering cross section
(per unit area), o 5/2\2, 61). In scatiering problems, this bistatic cross section
is conventionally defined as 47 times the power scattered by a unit area of
the surface from an incident beam of unit intensity in the direction 8/2\ , into

A
a unit solid angle in the direction 2

9 * That is,
dp A
r — _1_ A AN
<d92> Y (as) (» ] 0 (S, )
(scattered power (area of scat- (incident power
per unit solid angle.) tering surface) density) (2.17)

In optics work, the scattering cross section per unit area is sometimes

defined in a slightly different form. That is,

dPr g . , 6 A
e, = 4w dA p; cosf (%, Q)
-——

(total power in-
tercepted)

A A
with 7(92, Ql) the radar cross section, related through
AN
A A 0(92, Ql)

7(92’ Ql) - cos 61

This expression was used in the first quarterly report on this contract (Chu,
1968) but to avoid confusion, the cross section cr(ﬁz, 61) as used in Eq. (2.17)
will be used henceforth.
By definition, then, the scattered power density due to an area dA observed

A
at a point at a distance r from dA and in the direction 92 is given by

dApi AA

dpr = > 0(92, Ql
471r

) (2,18)

12



Now, if we sample the scattered power from the extended ground
reflector at a fixed point, the scattered power appears to be coming from
various directions (different ?22). This fact is illustrated in Fig. 2-5. The
directional properties of this observed radiation may be expressed in terms
of the scattered power intercepted by a unit surface per unit solid angle of
the beamwidth: i.e.

dp . pi(al) A A
o(Q,,Q.) . (2.19)

= T
sz 4 cosé)2 21

For a narrow beam receiver of an effective aperture area A with beamwidth

sz staradians, the scattered power received is then

A
pi{) A A
P =A () a, . (2. 20)

T 4 ﬂcosez

On the other hand, for an omnidirectional receiver of an effective aperture
A, the scattered power received is

7r/2 2w

sin92 p(Q) ~ A
P = os0. 99 f d¢ (92,91) . (2.21)
0 0

2
Other modifications of Eq. (2,18) incorporating the radiation pattern of the
receiving antenna can also be deduced. However, in the absence of the detailed
information on the characteristics of the receiving systems, perhaps our
estimation of detectability has to be based on one or both of the above limiting
cases,

The evaluation of the observed scattered radiation, even with the knowledge
of G(Q Q ) has to be resorted to the numerical computation, due to the
numerlcal funct1on Py (Q ) as given by Eq. (2.13), and the involved relations
between Ql and 92 dependmg on the relative position of the transmitter and
the receiver, as given by (2,11) and (2,12), In the work reported by Chu et al
(1968), a simple model of 0(62,61) (Lambert's law of scattering) was chosen.

For this simple model,

13



Point of Observation

Fig. 2-5: Scattering Geometry.
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A A
o(2,,,) =4 cos 6, cos b (2.22)

2’1 1 2

and the evaluation of Pr for this case has been reported therein (Chu et al, 1968).
In the current work, a more realistic model for the bistatic cross section
0(62, 61) is considered. Due to the lack of information of this bistatic cross
section for rough ground or sea surface, both theoretical and some limited
experimental work has been carried out to gain some knowledge of the bistatic
scattering cross section.
The theoretical bistatic scattering cross section for an open developed

sea (cf. Eq.A.117) is given by

L4
A A A N2
o(@y,0) =—— [1-9q; Ql]
qu(O, 0)

22 22
i J4 - i £
exp{_ (qxcoswasmw) x+(qycosxp qxsunp) v b (2,23)
4q” 1(0,0)

where
H(0, 0) is the mean square height of the sea surface;
lx, ly are the correlation distances of the surface height parallel and
transverse to the direction of the surface wind, respectively;
¢ is the angle between the direction of the surface wind and the x axis;
q, = cos 91 + cos 92 ,

q = sinf, cos ¢1 + sin 6, cos ¢2 ,

qy

A detailed derivation of Eq, (2.23) and the approximations involved in

and

n

sin 6, sin § + sin 6, sin ¢2 .

the derivation are given in Appendix A. From the reported ocean spectrum, the
dependence of H(0, 0), £x and ly on the surface wind velocity U are estimated and

the results presented in Figs, A-4 and A-5, respectively.

15



In order to gain some insight into the scattering model given by Eq. (2.23),
such as the effect of the wind and aspect variations, let us introduce the following
parameters:

i) The parameters of the sea surface defined by Aoé Ii /4H(0, 0)

and B 2 £ /41(0,0)
o=y

ii) The directional variables

A 9 _ sinf cos¢1 + sind, cos¢2
q, cos 61 + cos 92
and . . . .
. A i sinf, sm¢1 + sinf, sm¢2 ]
- - +
qa, cos@1 cose2

In terms of these normalized parameters, (2.23) may be reduced to

>

0(92, 61) = \,/AOB0 (1+012 +32) exp [—Ao(a cosy +8 sinW)z-Bo(B cos Y~ asin x//)z:'

(2.24)

In particular, wheny = 0, i.e, the incident radiation is in the direction of the

wind,

A A 2 22 2 2
0(@2,, Q) = VA B, (1+r469)° exp [-Aoa -B_B ] ) (2. 25)

In Fig. 2-6, the normalized quantities Ao' Bo and @0 for the model of sea
chosen in the present study is presented. Due to the large value of A0

and B0 obtained for this model it is evident that ¢ is maximum ata =0, B =0
(forward direction) and has a maximum value of \/AO—B; . The cross section,
however, decreases very rapidly away from this forward direction. For a rough
estimate of the decreasing of o from the maximum, the beamwidth of the

scattered power may be approximated by

2
= o~ = ,

16



For U = 1.5 m/sec, the beamwidth is approximately 10O and for U = 4 m/sec,
it is approximately 150.

To discuss the effect of the direction of the wind on the scattering cross
section, let us assume that the direction of incident wave and the direction of

A A AN
reflected wave (i.e. Q. and 92) are fixed and compare the ratio of O'(Qz, Ql)

1
for ¢ # 0 with that for ¢ = 0. Straightforward algebraic manipulation then
yields

(B -A)

%‘(Zb—f—(%) =exp {- —>—> [(az—Bz)-(az-Bz)coszw-mB sian/J] :

Thus, as the wind direction represented by ¥ changes, this ratio varies between
the limits
2
exp [—(Bo—Ao)a J
and

exp [(BO-A o) BZ] ,

corresponding to the variation of ¥ which satisfies the relation

tan 2 y = —25‘1-52-
a -B

For those directions of incident and reflected radiations for which o and 8 are
not small, the effect of the wind direction would be pronounced. This feature

is not present in all isotropic models of the rough surface scattering, for which

17
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I

CALCULATION OF REFLECTED RADIATION

3.1 Introduction

In estimating the detectability of the reflected radiation from a doppler
antenna such as the AN/APN-153 by a receiver of various beamwidths, the
knowledge of the angular distribution of the reflected radiation at different
points of observation, relative to the transmitting antenna, appears to be of
prime importance. From the general theory of the surface reflection and the
radiation pattern of the antenna AN/APN-153 given in Ch. II, the computation
of the reflected radiation and its distribution may be carried out. In this
Chapter, the basic formulas are presented together with the numerical

schemes employed and some typical results of such calculations.

3.2 Mathematical Formulas

In this section we summarize the mathematical formulas and numerical
schemes used in calculating the reflected radiation of the AN/APN-153 antenna

for three types of the reflecting surfaces discussed in the preceding chapter.

3.2.1 Specular Reflecting Surface

For a specularly reflecting surface, the reflected radiation appears to
come from a single direction, solely depending on the relative position between the
transmitter and the receiver. From Eqgs. (2.11) and (2.12), it is obvious

that the direction of arrival of the reflected radiation is related to the relative

position z
(X, ¥, =)
by 2
“r
X=(1+ = ) tan 6, cos ¢2s (3.1)
a
“r
= + — i
Y=(1 2 ) tan 0, sin ¢2s , (3.2)

19



A
where st : {028, ¢25 is the direction of arrival of the reflected radiation. This

radiation originates from the antenna located in a direction (61, ¢ l), where

61 = 925 | (3.3)
and

9, =¢2s+180° . (3.4)

The intensity of the reflected radiation (power/unit area) can be calculated

by the method of images. The result is

Pth cos2 91

Pog ~ a2 F (6,9, ——?r_z . (3.5)
a (1+ ;—')
a

The calculation of Py as a function of X, Y and Zr/ z, was given in
Chu et al (1968), However, the directional characteristics of the reflected
radiation was not considered there. For the calculation of the angles 6_ and

2s
¢Zs for any given X, Y and Zr/ z, , the following relations may be used:

. X
tan «52s = X (3.6)
X+ Y
tan st = 2 (3.7
1+ —
VA
a

For the estimation of the reflected power intensities and for the con-
venience of their comparison for three types of reflecting surfaces, we define

the normalized power density as the following:

2
z P cos 6
F (XY, =)2—2 .4r¥F,0) — . (3.8)
2s z PG o 1’71 z
a tt (1+__r)2 B
2 z
z a
a

20



3.2.2 Diffusely Reflecting Surface

For the surface whose reflecting properties are defined by 2 scattering
cross section 0(62, 61), the refiected radiation observed at a point appears
to be coming from various directions., The radiation which originates from an
antenna located in the direction (91, ¢1) relative to the reflecting point will be
distributed. To an observer stationed at a relative position X, Y and Zr/ z,
the reflected power of the radiation originally in the direction (91, ¢1) appears

to be coming from the direction (62, ¢2) , where

z
I -

2, tan 6,, cos ¢2 =X +tan 6, cos ¢1 , (3.9)

“r

;; tan 6, sin ¢2 =Y+tan 6, sin ¢1 . (3.10)

The intensity of the reflected radiation, by the definition of the scattering

cross section, may be expressed by

dQ 2 1 cos 0 2° 71 :
2 4T z::1 2

Physically, of course, this may be interpreted as the power that is inter-
cepted by a receiver of unit aperture per unit solid angle, For the purpose of

comparing the direction and magnitude, we shall define the normalized quantity,

F, (X,Y i o) & e el
2M°7° 77 oz 7 T2 dQ 2
a 2 Za
cosze
= L p o.,9 )0(6 a.) (3.12)
41rcose2 o 1’71 2’71 )

In the case of the Lambert surface,

o =4 cos 61 cos 92 . (3.13)
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Whence,

F (6 ¢ )

o 1’71
- -9 + ‘- 3.14
F2d - cos 61 , ( )

F2 d denoting the case for completely diffused scattering (Lambert scattering).

3.2.3 A Moderately Rough Sea Surface

For this model, the scattering cross section is given by (2.23). Con-
sequently, we have

1 cos” % 2 2.2
= = — +a+ / '
FZM 4m cos 62 Fo(91,¢1)(1 a+6) .AoBo

+ exp [-Ao(a cosy + 8 sinzp)z —BO(B cosy - sim//)zjl , (3.15)

where sin 0. cos @, + sin 6, cos @ Q.
A 1 1 ) 2
a = 5 T 5 = — (3.16)
cos 6, + cos 0, q
and sinf_ sin . + sin 6, sin @
A 1 1 2 2 %
g A = (3.17)
cos 61 + cos 62 q,

A computer program for evaluation of the normalized quantity F corres-

2M
ponding to (3.15) is included in Appendix B. Starting from the given 60, ¢0, X, Y,

we first calculate Zr/ z, and 6,, §, by the transformation equations (3.9) and (3. 10).

Then, for a given wind speed U(m/sec) and the direction ¥, the values of F2M are

calculated for each set of (91, ¢1) or (60,¢0). Fod and F,  can be calculated rela-

tively easily by using (3. 14) and (3. 8), respectively.

3.3 Power Level and Directionai Variation of Reflected Radiation

Before presenting the computed numerical results for the angular distribution
of the reflected radiation, it may prove fruitful to look at the physical situation
which partially explains angular variations of the reflected radiation, Let us
refer to Figs. 2-3a and b, the radiation patterns of the antenna AN/APN-153,
where contours of constant Fo(Ol, ¢1) are shown, Each ray originating from the

antenna in the direction, say, (91, ¢1), would reach an observer, after diffused
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reflection, from the direction (62, ¢2). The relation between (61, ¢1) and (62, ¢2),
of course, depends on the geometry between the transmitter and the receiver.
For a receiver fixed at (X, Y, Zr/ za), the direction of a set of (61, ¢1) along a given
contour of F0 will appear to reach the receiver from different directions. This
geometric effect is illustrated in Figs. 3-1la - 3-1d. The contours shown in
Figs. 3-1a and 3-1b are the contours of FO seen by a receiver at (X=0, Y=0,5,
zr/za = 0.5); the Figs. 3-1c and 3-1d at (X=0, Y=0,5, zr/za =0.1). As seen
from these illustrations, the receiver at different locations will see different
shapes of the radiation patterns, depending, of course, on its relative coordinates,
Thus, as shown in Figs. 3-1a and 3-1b, the receiver at (0, 0.5, 0.5) will see the
portion of the major lobe of the Beam No. 1 much more elongated, and the minor
lobe somewhat contracted, while the receiver will witness the major lobe of
the Beam No. 2 greatly contracted and its minor lobe very much elongated. The
same antenna pattern viewed at the same X, Y coordinates, but different relative
height (Zr/ z, = 0. 1) is illustrated in Figs. 3-1c and 3-1d, Thus, it is evident
that the deformation of the beam shape, after reflection, is critically dependent
on the position of the observation,

| It should be noted that the contours illustrated in Figs. 3-1a through 3-1d
are not the contours of equally reflected power, due to the angular dependence of
the reflecting property of the surface. For example, the normalized reflected
power densities (FzM) are different even on the same contour. In Figs. 3-2a and
3-2b, on each contour of constant FO, several points are selected and indicated

by the dots. The normalized reflected power density, , corresponding to

F2M
these points (directions of reflected radiation), are tabulated in Table 3.1 for

the down wind speed of 1.5 m/sec. It is seen that the direction in which F2M is
maximum is shifted from the direction of the peak of the corresponding transmitting
antenna radiation pattern. Moreover, the shape of the contour of the constant F2M’
after reflection, is drastically modified. In Figs. 3-3a and 3-3b and Table 3-2 ,
similar plots and values are given for a Lambert surface for comparison. Here
the modification of the contours of the constant power (F2 d) is seen less drastic.

In fact, the direction in which F2 d is maximum appears to correspond to that of

the antenna radiation pattern.

23



‘e1-¢ 3g
uoBIPEY JO INOJUOD :B]
.m.o-ﬂn\an ‘0=£ ‘0=X JB pOMmdlA T ‘ON wieeg JO UIdjed

(s90x8ep vms "
Vi 4 02 09¢€ (1) 43 443
[ _ _ _

082
] _ _

001

9qOT 9pIs

. .
. . .
ot . e
ot A4 - \c
.
-® . .
@ - . .
.« - °
. - . S
. . o
. -.- . K
" o . A
.
‘ . - -
-.0 -® . .
. " . .
. °
a .q .. e e — o9
: L ) | p
. Lo e R
e e . - o
.u . . ° lun L -
.. : . . i |
‘ M .
. . . . |
PRI [ Caeee .. s * -
. ‘9. Lee R ; ) .0
) e ’ el O .o ‘@ .o . . .
. S e secacseaeegre, L. . - ) - )
o . o M . * - .
- s e .-c..‘ « . . > .
o . . et
" .o .
] ) ae e . ® . . .
3 cnl" -ooo.-. ----- ’ veense e . )
S ‘e oo ] . ‘.
: , 0 :
. ? . . . .
* b . . - cean . .
s 4 - e P o
. ‘e, geeil. . [ .
k .. o [ J et @ i . . .
. . tv . . . . . )
. ., L *e e PR . . .
. . .
) ® v o seen . i
. . e .
' ) .
’ e . . . . .
t-u *tes et ssessan - .
-tot.
...
...
..

9qoOT Urel

(s@2138p )zg

24



08 09

°c .oudN\.HN ‘*0=£ ‘0=X Y8 POMOIA g ‘ON Weog JO UIdPed UOIIBIPERY JO INOJUO) :iql-g "S1d

Ammonwowvmﬁ
0¥ 03 09¢ 0%€ 02¢€ 00€ 08¢

09¢

L]

.

‘o,
®

[ | _ _ _ |

0.
9qOT URRI #° .-

o % 9

.
.

\Y 2
P/
‘., . ®0-q..

v
@
Pe,

2qoT] 9pIs

.o .

. .. o . .
‘. . camee’ eees’
Tees S, A Lot "
Teee., P i
LY R A

001

08

09

oy

02

(saa.lﬁap)zg

25



08

09

oy

‘1 .Oudu\ps ‘g*0=£ ‘0=X 7B POMOIA ] °ON WEdd JO UIdj)ed UOIJeIpeY JO INOJUOD :O[-¢

114

09¢

Ammohmevvmﬂ
0¥¢

1749

00¢€

08¢

09¢

RRY YURRRPPEY
9qoT urey

_

001

08

oL

09

goax8ep)%q

26



' T .Ou.mu\.HN ‘G*0=4 ‘0=X Je POMIIA 7 °*ON WIB9g JO UId)ed uoIjeIpey Jo Inojuo) :Ppl-¢ ‘3J1g

Ammouwmgm&
09 oy 0¢ 09¢ ove 0ze 00€ 08¢ 09¢
oot
D
Z)
[«
®
aQ
=}
—o0s 3
z
|09

(014

27



08

* =/t UOTIO0IIP pUIM 9y} ‘ 098 /WG 1=0 paads purm oy} je

09

Emh gp I03 1°¢ 9IqeL 9y} IMsuo)

G .ouau \.HN ‘6°0=£ ‘0=X 3B pomoIA T *ON WEeg JO UISPRJ uorjeIpEy JO INOJU0D :eZ-¢ °*SIq

0¥

(seaax3ap) N&

02 0515 ove 1743 00¢

.

L]

.
*

e,

@,

[ I _ _

R R
e 8
9qoT Ure|y o
e e o
‘0., a o
.. 5 Leee IO R .
e Vit -
...»......‘.&. .-..... o’ -t .
. . R *

001

08

09

oy

0¢

(se9a8ep) zg

28



08

09

* 0=/} uo1308IIpP PUIM O] ° omm\E G'I=01 poods puim a3y} j®

‘g .Onuu\.ﬂu ‘G*0=£A ‘0=X Je pOMdIA Z "ON Wead JO UId}eJ UOIJBIpRY JO INOJUO) :(qZ-€

oy

0¢ 09¢

Smrm gp JI0f 1-¢ 9IqBL 94} }nsuop

(so8a3op) m&
049 0ge 00¢€ 08¢

*8ig

09¢

o .., ..........

. *e @
oo

te. S,
ce, .. ceses
cey

BRI

3

.

®

‘0.0
‘O,

e., .. 009

‘.
e

R 2
L

cee .

PRI

001

08

09

(04

0¢

(s@2a3ep) 89

29



30

¥ "GL9- LSG- oduel gpgg- u1 juiod ® 1Y
GL9- ‘0°€L9- ‘0°289- L°GGG- ‘L $SG- ‘L H9G- J woxy 3urjae)s
‘1°069- ‘9°£89- ‘L°6L9- ‘9°8¥¢- ‘0°2L8- ‘L°¥9S- ‘1°19G- ‘1°096- ‘9SIM300]D 19jUNOD PEdX | U
‘L°0L02- ‘8°FFI- ‘€°06 - ‘1°9%1- ‘b °L9G- ‘9°Gee- ‘€°81G- ‘T HPG- :anojuoo gpez- | &
o woJx] Surjae)s m.
8°,9G- ‘L°€92- ‘6°8€1- ‘0°891- L°8%G- ‘L°ZhS- ‘8°CHS- ‘8 0V1I- 9SIMY00]d 19jUNod peax | &
:Inojuod gpgi-
G 661- poIpI- 9qof ap1s jo ¥ead :P
0SS~ €'2ST- F°6G1- ‘€ CHI-
‘Le6-  ‘ghe- ‘LGS~ ‘6GG- ‘2°19T- ‘2°6ST- ‘8°191- ‘2°8G1- g woJxy 3unae)s
‘geg-  ‘09¢-  ‘LIg-  ‘2ee- ‘L°€9T- ‘€°2L - ‘211~ ‘8°681- ‘9S1MIO0]0 I9JUN0d PedX
‘902-  ‘G62-  ‘92%-  ‘08G- .| ‘L°81¥- ‘2°€Ty- ‘L°20V-  8%P- :aN0jU0d PGz~
gLe-  ‘gys-  ‘9uG- ¥ '86G- ‘Z2°G6gZ- ‘6°€82- D woxy Sunae)s
‘886~  ‘9Le- ‘LG~ ‘62¢- ‘L°9%2- ‘0°6LZ- ‘0°¢6 - ‘0°1EI- ‘9STM300TO 193UN0D pPEdX
‘2e2-  ‘992-  ‘0SH-  ‘09L- ‘I°$12- ‘2°19¢- ‘0°162- ‘9°262- $anojuod gpgi- m
919- 1°69%- g wouxy Sunaels ‘eswm| 5
‘G09-  ‘L09-  L09-  ‘C09- ‘C'HGG- ‘£°96G- ‘L°682- ‘9°PII- -30070 xo3unoo peax | &
‘09¢-  ‘gog-  ‘20v-  ‘0SL- ‘L°9%T- ‘9°612- ¥ %12~ ‘L°EP2- :anojuoo gpg- | §
V WoJj Suljxe)s
029- ‘029- ‘LLP-  ‘869- 9°€LZ- ‘9°0€T- ‘g°GG1- ‘£°C8I- ‘9s1M3[0010-19jUN0d pPEedI
$Inojuod gpi-
2°8L9- €191~ 04 30 sye0d :d
(az-¢ *81d) 2 (e2-¢ .wEVN om JO s[oA9T]
¢ ‘ON weaq Jo W Jd dp 1 "ON weod jo W 4 dp IaMmod pue sjuiod

e I *0 =/t wonoaIIQ
$31 ‘098w G°T = N1 peads PUIM 9YL ‘G°0= Z/ Z ‘G0 =X ‘0 = X J& PaAredal
¢30uU9pI1oU] JO SUOI}OdII( JUDIJIJ XOF .Emm ‘fy31sus( uoneipeYy pPojOooy POZI[eWION :I-¢ HI1dV.L




* 0=/ UOJ3O3XIP PUIM 973} ‘ 098 /W G°[=(] PAads puim 3y} je

Smh qp 10} g°¢ @[qel 943} 3Msuo)

. n.cnan\uu ‘G*0=£ ‘Q=X J8 POM3IA | "ON Wedq JO UId)ed uorjeIpey Jo .Eo.ﬁoo teg-¢ *Sig

09 oy 0¢

(se913ap) N&

me ove 1743 oog 08¢

I _ | |

m 4
20 - e .
'Y @ . . d -unn. o .o- —
. @@L, . oooa-n co-o- . DR
RN e AR P RALTPRPRS t SSNUNPRRRPRLY R . '

... a .... ...... . ..w.. . ..... ®° .-. ... ..

& o g el Vo-.0onee r .

: .... 3 ... ........ Vg .oooreemttee » ...‘.. .-..' .

.. .. g e L T
e . e e
® e '..l. .l

® eeee® o scenc’e

001

08

09

0T

(seoax3ep) zg

31



* 0=/ UOJIOAIIP puUIM BY} ‘ d9s/w g [=(1 Paads puim ay) je

N

Nr.m qp I0j g "¢ d[qeL 343} 3msuop

. m.OunN\un ‘g*0=£ ‘0=X 7Je pamajA z °ON wedq JO wIdped uorjeipey Jo Imojuo)d :qg-¢ “Sig

o¥

114

(892a3ap) N&

09¢ ove oce 00€

08¢

092

T B _ T

oooooo

¢

[ B
v

‘0., .80 .@.

-

o 9 ., -
R i é
[

-
-------

001

09

ov

(174

(s90130p) 89

32



9-¢g- 9°Ggg- apgz- ut jutod v Y
8°0g- ‘8°ge- ‘8L¥- 8°0s- ‘8°ge- ‘8°L¥- g woxy 3unae)s
‘g'06- ‘PO0b- ‘9'Ge- pres- ‘8706~ ‘PT0P- ‘9°Ge- ‘Pee- ‘9S1MYO0[0 J93UN0D peaI m
‘6g- ‘L°1e- ‘2'82- ‘C°¥e- ‘6e- ‘L°1e- ‘2°82- ‘T'¥e- :Inojuod gpgz- | @
d woxy sunies | &
£°0g- ‘1°¢2- ‘2e- ‘0g- £-0g- ‘1°€2- da ‘0g- ‘9SIM3{00]0 I9JUN0d pedl | §
<JInojuod gpgGi-
¢ 0g- g 0g- 9qo7 9pls jo jead :P
0°2¢- ‘¢'gh- ‘G°82- 0°2¢- €2k~ ‘682
‘9°gg- ‘97T ‘€°8h- ‘gULe- ‘9°gg- ‘9°TH- ‘€°8h- ‘£7Le- d woJjy 3unae)s
‘ov- ‘o0g- ‘8 ze- ‘8-gs- ‘ob-  ‘og- ‘8'2g- ‘87ge- ‘9S1MIO0TO I9JUN0D pedX
‘82— ‘¢ l1e- ‘s~ ‘1e- ‘2’82~ ‘2°1¢- ‘ee- ‘1¢- $anojuod gpgeg-
L°€2- ‘¥ 0g- ‘T°ge- L°€2- ‘p°0g- ‘T1°Ge- D woJy Surjae)s
‘- ‘9°92- ‘1°12- ‘¢°1g- ‘- ‘9°92- ‘1°1g- ‘G°l1g- ‘9STM3O0TD I9JUNOD PBaIX
‘61- ‘9702~ ‘L°ge- ‘1°'¥e- ‘61- ‘9°02- ‘L°%%- ‘1°¥e- $anojuod gpgi- m
€ ve- ¢ '¥$2- g woJy Junaejs |
‘28T~ LFI- ‘0°F1- ‘611~ ‘26T~ ‘LFT1- 0°FI- ‘GT1I- ‘9sTM3{00[0 I93unod peax | &
‘€01~ ‘0°11- ‘¢ 0T- ‘e1- ‘¢*0T- ‘0°T11- ‘g°01- ‘e1- :anojuod gps- | §
Y WoJ] SunJae)s
6 - ‘L8- F°L- ‘GL- 6 - L'8- F°L- ‘GL- ‘9S1M3O0TD I9JUN0D PBIX
:INojuod gpi-
gL gL 01 j0 sead :d
(ag-¢ 81d) 2 (eg-¢ 81d) z 04 JO STeA9T

Z "ON wiead Jo p g dp

1 "ON wead Jo p g dp

I9Mod pue sjuliod

e_ I
‘¢'0= Z/'Z ‘G°0=X ‘0 = X 8 PoAIadAX
‘S90USpIOU] JO SUOKOSII( JUSISHIQ I0J ‘PCd ‘AISus( UOTeIpEY PIJOSJoY POZI[eWION :g-¢ ATV

33



3.4 Direction of Maximum Intensity of Reflected Radiation

The apparent direction of arrival of the reflected radiation received at
any position is taken as the direction toward which a narrow beam receiving
antenna would intercept the maximum amount of radiation intensity., For a
specularly reflecting surface, this apparent direction of arrival, denoted by

(628, ¢2s)’ may be calculated by Egs. (3.6) and (3.7). For a diffusely reflecting
surface, such as a random sea surface, this apparent direction of arrival,
denoted by (6
which F2(62, ¢2

given in this section. These are illustrated in Figs, 3-4a through 3-15b inclusive.

oM ¢2M)’ is to be obtained by searching for the direction in

) is maximum, Discussions on the directions of arrival are

In Figs. 3-4a and 3-4b the apparent direction of arrival for an observer located

at Y = 0.5, zr/za1 = 0.5, at the downwind speed of 1.5 m/sec is plotted against X
to show the change in the apparent direction of arrival with the relative receiving
position. In these curves are inserted the direction of arrival for a specularly
reflecting surface for ready comparison. In Figs. 3-5a and b, similar curves

are shown for the case of the cross-wind. In Figs. 3-6a and b and 3-7a and b,
similar curves are shown for the receiver positioned at the relative height of 0. 1.
Figs. 3-8a through 3-11b show the corresponding cases at the wind speed of
4m/sec. The effects of the wind speed on the direction of arrival are shown in
Figs. 3-12a and andb at Y =0.5, Zr/za = 0.1 for the down-wind case; Figs. 3-13a
and b show the similar curves for the cross-wind case. It is seen from these
curves that the wind speed has little effect on the direction of arrival in the down-
wind, but in the cross-wind case, the direction of arrival is sensitive to the wind
speed in the range lxls 1. Figs. 3-14a and b show the effect of the wind direction
on the direction of arrival at the wind speed of 1.5m/sec at Y = 0.5, Zr/za =0.1;
Figs. 3-15a and b show the similar curves at the wind speed of 4m/sec. It is
observed from these curves that the direction of arrival is slightly more sensitive
to the change in the wind direction for the lower wind speed than in the higher
wind speed, the significant effect being confined, again, more or less within the

range | x|< 1.
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For completeness, the approximate direction of arrival for the case
of a Lambert surface, denoted by (62 & ¢2 d), are presented in Figs. 3-16a, b and
Figs. 3-17a,b. In this case, based on the argument given in the last section, the
maximum direction of arrival corresponds to the peak of each major lobe, and
hence appears to be multi-valued. However, it should be noted that only one
of the directions of arrival, corresponding to the reflecting point which is the
closest to the point of observation, should have the dominant effect on the total

reflected power received.
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Fig. 3-4a: Comparison of the Maximum Directions of Arrival (Azimuth)
for the random ocean and Specular Surfaces at down-wind speed
of 1.5 m/sec. The relative Receiver Height is 0.5, Y = 0.5.

0

-X

Fig. 3-4b: Comparison of the Maximum Directions of Arrival (latitude)
for the random and Specular Surfaces at down-wind speed of
1.5 m/sec. The relative Receiver Height is 0.5, Y = 0.5.
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Fig. 3-ba: Comparison of the Maximum Direction of Arrival (Azimuth)
for the random ocean and Specular Surfaces at the cré)ss-wind
speed of 1.5 m/sec. The Relative Receiver Height X _( 5 v.g 5
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Fig. 3-bb: Comparison of the Maximum Direction of Arrival (Latitude) for
the Random Ocean and Specular Surfaces at the cross-wind speed

£1.5 . i i i
0 m/sec. The relative Receiver Height & - 0.5, Y=0.5,
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Fig. 3-6a: Comparison of the Maximum Directions of Arrival (Azimuth)
for the Random and Specular Surfaces at down-wind speed of
1.5 m/sec. The relative Receiver Height is 0.1, Y = 0.5.
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Fig. 3-6b: Comparison of the Maximum Directions of Arrival (latitude)

for the Random and Specular Surfaces at down-wind speed of
1.5 m/sec. The Relative Receiver Height is 0.1, Y = 0.5.
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Fig. 3-7Ta: Comparison of the Maximum Direction of Arrival
(Azimuth) for the Random Ocean and Specular Sur-
faces at the cross-wind speed of 1.5 m/sec. The
Relative Receiver Height z,
— =0.1, Y=0.5.
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Fig. 3-7Tb: Comparison of the Maximum Direction of Arrival
(Latitude) for the Random Ocean and Specular Surfaces
at the cross-wind speed of 1.5 m/sec. The Relative
Receiver Height Z,

— =0.1, Y =0.5.
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Fig. 3-8a: Comparison of the Maximum Direction of Arrival (Azimuth)
for the Random Ocean and Specular Surfaces at the down-wind
speed of 4 m/sec. The Relative Receiver Height z /z_ = 0.5,
Y=0.5 roa
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Fig. 3-8b: Comparison of the Maximum Direction of Arrival (Latitude) for

the Random Ocean and Specular Surfaces at the down-wind speed
of 4 m/sec. The Relative Receiver Height Zr/za =0.5, Y =0.5.
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Fig. 3-9a: Comparison of the Maximum Direction of Arrival (Azimuth) for
the Random Ocean and Specular Surfaces at the cross-wind speed
of 4 m/sec. The Relative Receiver Height Zr/Za =0.5, Y =0.5.
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Fig. 3-9b: Comparison of the Maximum Direction of Arrival (Latitude) for the
Random Ocean and Specular Surfaces at the cross-wind speed of

4 m/sec. The Relative Reciever Height Zr/za =0.5, Y =0.5,
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Fig. 3-10a: Comparison of the Maximum Direction of Arrival (Azimuth) for the
Random Ocean and Specular Surfaces at the down-wind speed of

4 m/sec. The Relative Receiver Height Zr/za =0.1, Y=0.5,

Y
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Fig. 3-10b: Comparison of the Maximum Direction of Arrival (Latitude) for
Random Ocean and Specular Surfaces at the down-wind speed of

4 m/sec. The Relative Receiver Height z [z, =0.1, Y =0.5.

42

X

the



A
2M
O~
- O~-0-0
¢2S
-X + t t | t f
-3 -2 -1 0 1 2 3

Fig. 3-11a: Comparison of the Maximum Direction of Arrival (Azimuth)
for the Random Ocean and Specular Surfaces at the cross-wind
speed of 4 m/sec. The Relative Receiver Height z /z =0.1,
Y = 0.5. roa
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Fig. 3-11b: Comparison of the Maximum Direction of Arrival (Latitude) for
the Random Ocean and Specular Surfaces at the Cross-wind
speed of 4 m/sec. The Relative Receiver Height z_/z_ = 0.1,
Y = 0.5. T
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Fig.3-12a: The Effect of the Wind Speeds (U=1.5, 4m/sec) on the Directions
of the Maximum Reflected Radiation Intensities (Latitude) for the
Down-wind Case. The Relative Receiver Height is 0.1, y=0.5 .
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Fig.3-12b: The Effect of the Wind Speeds (U=1.5, 4 m/sec) on the
Directions of the Maximum Reflected Radiation Intensities
(Azimuth) for the Down-wind Case.
The Relative Receiver Height is 0.1, y=0.5 .
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Fig. 3-13a: The Effect of the Wind Speed (U = 1.5, 4 m/sec) on the Direction
of the Maximum Reflected Radiation Intensities (Latitude) for the

Cross-Wind Case. The Relative Receiver Height z_/z =0.1,
Y =0.5. roa
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Fig. 3-13b: Effect of the Wind Speeds (U = 1.5, 4 m/sec) on the Directions of
the Maximum Reflected Radiation Intensities (Azimuth) for the
Cross-Wind Case. The Relative Receiver Height z_/z_= 0.1,
Y = 0.5. roa

47



I
I
|
+40)
I
|
I
+30 4
| o
| t¢Y =90
|
o
420 ' ————iy=0
+10
N
-3 -2 -1 0 1 2 3

Fig. 3-14a: Effect of the Wind Directions on the Direction of Maximum
Radiation Intensity (Latitude) at Y = 0.5, z /z = 0.1 for the
Wind Speed of 1.5 m/sec.
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Fig. 3-14b: Effect of the Wind Direction on the Direction of Maximum
Radiation Intensity (Azimuth) at Y = 0.5, z / z, =0.1, for
the Wind Speed of 1.5 m/sec.
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Fig. 3-15a: Effect of the Wind Direction on the Direction of the Maximum
Radiation Intensity (Latitude) at Y = 0.5, zr/Za = 0.1 for the
Wind Speed of 4 m/sec.
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Fig. 3-15b; Effect of the Wind Direction on the Direction of the Maximum
Radiation Intensity (Azimuth) at Y = 0.5, Zr/Za = 0.1 for the
Wind Speed of 4 m/sec.
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Fig. 3-16a: Directions of Arrival for a Lambert Surface at y=0.5, zr/ z, =0.5
for Beam No. 1 .
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Fig. 3-16b: Directions of Arrival for a Lambert Surface at y=0.5, z r/ za=0. 5,
for Beam No, 2 .
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Fig. 3-17a: Directions of Arrival for a Lambert Surface at y=0.5, z r/ za=0.1
for Beam No. 1 .
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Fig. 3-17b: Directions of Arrival for a Lambert Surface at y=0.5, z r/ z =0,1
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3.5 Magnitude of Maximum Reflected Radiation

Due to the distributed nature of the reflected radiation from a diffused
surface, we shall compare principally the intensity of radiation in the apparent
direction of arrival, along which the intensity is maximum, For the case of the
specularly reflecting surface, the reflected radiation observed at any point
appears to come only from one direction, the magnitude of which may be

represented by a normalized power density, F s’ given by Eq. (3.8). In terms

2
of F2s’ the observed power density at any point is obtained by
P 2t g
2s 9 z2 2s °
(watts/m") a

For the case of the diffusely reflecting surface, the normalized intensity,

F2M and F2 4 are given by (3.12) and (3. 14), respectively. Interms of these

normalized quantities, the power density per unit solid angle is expressed by

i F,. (or F, )

aQ 2 am °F Fad’ -
2 Z
9 a
(watts/m"/steradian)

In this section, the variations of F and F2M with relative receiving

2s’ F2d
points are discussed. It should be recognized, however, that the direct com-~

parison of F_ with F M (or F2 d) is meaningless unless the radiation pattern of

2s 2
the receiving antenna is taken into account. For the case of the narrow-beam
antenna, the relative magnitude of F2{s and F2M times the angular beamwidth

of the receiving antenna (in steradians) probably could be taken for an approxi-
mate comparison of the reflected power observed.

In Fig. 3-18a, we show the variation of F (in the apparent direction

of arrival) at the relative receiver height fixed at (?N]f and at different Y for

the down-wind speed of 1.5 m/sec; in Fig. 3-18b, similar curves at the relative
receiver height fixed at 0.5 are shown. Similar curves are presented in Figs.
3-19a and b for the down-wind speed of 4m/sec. Figs. 3-20a through 3-21b deal

with the corresponding cases for the cross-wind. In Figs. 3-22a and b, we show
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the effect of the wind speed on the variation of Maximum Reflected Radiation
Intensity for the down-wind case at (Y = 0.5, Zr/za =0.1) and (Y = 0.5,

zr/ zZ, = 0.5), respectively. Similar curves shown in Figs. 3-23a and b deal with
the cross-wind case. It is noticed that the overall level of de2M is slightly
higher in the down-wind case than in the corresponding cross-wind case, the
difference being more pronounced at the lower receiver height. Figs. 3-24a

and b present the effect of the wind direction at the wind speed of 1.5m/sec

at two different relative receiver heights of 0.1 and 0.5, respectively. Similar
curves shown in Figs. 3-25a and b deal with the wind speed of 4m/sec. It is seen
that, in general, the change in the wind direction has a rather minor effect on the
deZM variation, even though the effect appears to be more significant at points
at the lower receiver height. Finally, the variation of Fg,, for the down-wind
case is compared with those of F2 d and F2s in Fig. 3-26a at the relative receiver
height fixed at 0.1 and Y =0.5. In Fig. 3-26b a similar comparison is made at
the relative receiver height fixed at 0.5. Similar comparisons are presented in
Figs. 3-27a and b for the cross-wind case. The use of this information and its
relation to the problem of estimating the detectability is discussed in Vol. II of

this report.
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Fig. 3-18a: dBFg,, for Down-Wind Speed of 1.5 m/sec at z



Fig. 3-18b: dBF,, for Down Wind Speed of 1.5 m/sec at Zr/za = 0.5.
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Fig. 3-21b: dBF,, for Cross Wind Speed of 4 m/sec at Zr/za = 0.5.
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Fig. 3-22a: Effect of the Wind Speed on the Maximum Reflected Radiation
Intensity for the Down Wind Case at Y = 0.5, Zr/za =0.1.
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3-22b: Effect of the Wind Speed on the Maximum Reflected Radiation Intensity
for the Down Wind Case at Y = 0.5, z,/za = 0.5.
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Fig. 3-23a: The Effect of the Wind Speed on the Maximum Reflected Radiation Intensity
for the Cross Wind Case at Y = 0.5, zr/za =0.1.
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Fig. 3-23b: Effect of the Wind Speed on the Maximum Reflected Radiation Intensity
for the Cross Wind Case at Y = 0.5, z./z, = 0.5.
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Fig. 3-24a: Effect of the Wind Direction on the Maximum Reflected Radiation
Intensity for the Wind Speed of 1.5 m/sec at Y = 0.5, zr/za =0.1.
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Fig. 3-25a: Effect of the Wind Direction on the Maximum Reflected Radiation

72

Intensity for the Wind Speed of 4 m/sec at Y = 0.5, zr/za =0.1.
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Fig. 3-25b: Effect of the Wind Direction on the Maximum Reflected Radiation
Intensity for the Wind Speed of 4 m/sec at Y = 0.5, zr/Za =0.5.
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CONCLUSIONS AND RECOMMENDATIONS

A theoretical analysis is performed to investigate the reflection properties
of an anisotropic normally distributed rough surface by use of the physical optics
method. Approximate formulas are derived for calculation of the reflected radia-
tion from a moderately rough ocean surface which exhibits the Neumann spectrum.
A computer program is written for this formulation, and limited numerical com-
putations are carried out for the AN/APN-153 doppler radar antenna. The dis-
tribution of the reflected radiation is calculated for several relative geometric
configurations of the transmitter and receiver. The numerical calculations are
limited only to the down wind case for a few different wind speeds. The computer
program, however, is valid for variations of the wind direction within the limit
imposed by the Neumann theory, namely, I lp| < 7r/ 2. The cases for different wind
directions will be performed in the future program.

The direction of arrival and the intensity of the reflected radiation from a
moderately rough ocean surface are presented and compared with those from a
specularly reflecting and Lambert Surface. In most of the cases compared, it

appears that, in its general trend, the reflected radiation intensity, F___, from a

moderately rough ocean surface resembles that from a specularly reﬂilgting surface,
even though the direction does not. The level of the intensity sharply decreases as
the receiving point moves away on the X-axis from the origin of the relative co-
ordinate system for a low wind speed, say 1.5 m/sec (or 2.7 knots). As the wind
speed increases to 4 m/ sec (or 7.4 knots), the drop in the level of the radiation
intensity away from X = 0 is less drastic. The direction of arrival, both in azimuth
and latitude, tends to approach the same direction each as the receiver moves away
from the origin along the X-axis. Within the range ‘XI 21, however, the variation
of the direction of arrival is wide at points, particularly so for the case of a low
receiver height. It should be noted that, all in all, the change in the wind direction

has only a minor effect both in the magnitude and the direction of the maximum re-

flected radiation intensity. This is attributed to a small difference in A0 and Bo'
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The limitation of the present model and some recommendations
on the future works on rough surface scattering (especially ocean surfaces)
are given below,

1) The inherent inadequacy of the physical optics method somewhat
limits the validity of the present calculation, particularly near the horizon.
Further theoretical analysis (exact numerical solutions for some canonical
problems) and experimental work (model study of scattering) which may assert
the range ofthe validity and suggest possible refinement on the physical
optics method appear to be in need for a more adequate solution to the problem -
of random surface reflection.

2) An alternative approach, such as the use of the concept of surface
waves, inestimatingthe scattered field near the horizon should be investigated
to compliment the results obtained through the physical optics method.

3) The present model is based on the Gaussian correlation for the
surface height. It is possible to adapt the analysis to other kinds of statistical
models for a rough surface with different correlation. However, in order to
extract meaningful numerical results from such efforts, adequate statistical
information on the rough surface is necessary. In particular, in the case
of the ocean surface, it appears that more experiments are needed which will
add a more appropriate statistical description of the ocean surface, incorporating

different sea states, in estimating the reflected radiation power.
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APPENDIX A:
BISTATIC CROSS SECTION OF A ROUGH SURFACE

Al Introduction

It has been recognized that both adequate theoretical formula and experi-
mental data have been scarce in the case of the bistatic scattering cross section
for the rough surface and ocean surface., In view of this recognition, the bi-
static cross section is investigated both theoretically and experimentally by
means of the physical optics approach with special reference to the ocean surface,
in an effort to promote a better understanding in this area.

An approximate formula, incorporating the anisotropic nature of a random
ocean surface (due to wind effect) is derived for the computation of the reflected
radiation from a doppler radar in the main text of this report,

Recognizing the inherent shortcomings in the physical optics method, and
the uncertainty in the existing sea surface wave spectra, approximations based
primarily on physical grounds are introduced to simplify the result. It is
realized that more experimental work and theoretical analyses based on the
exact solutions of some canonical problems are necessary for a more complete
understanding of the problem. It is our present feeling that the results
derived in this appendix are probably inadequate for reflections near the

grazing angle, for which the physical optics approach is known to be in error.

A2 Scattering Cross Section

The conventional description of the scattering properties of a rough surface
A N
is given by the bistatic cross section per unit area o($2,, Ql). It is an average
quantity defined as 47 times the power scattered by a unit solid angle in the

AN . A

direction 92 , for an incident wave of unit intensity from the direction Ql .
A

With this definition, for an incident radiation of intensity pi(Ql) impinging on a

surface of the area dA, the intensity of the reflected radiation observed at a
A
distance r from the point of reflection in the direction 92 is given by

A /\)
1 0(92, Ql

2 47 :
r

ap_= p, (61> dA (A.1)
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Since the solid angle subtended by dA at the point of observation is
dA cos 6
A
Ay, = ——2 , (A.2)

2 2
r

the reflected radiation at a point of observation has the intensity per solid angle

as given by

AN
dp2 ) pi(Ql)

&,,8) (A.3)
= (o
A ’ . .
ao 4m cos 92 2’1
2
A A
In general, the bistatic cross section o(Ql, Qz) depends on the polariza-
tion of incident and reflected radiation. To fix the direction of polarization,

we shall define the direction of the horizontal polarization of the incident radiation

by A A\
R Z X Ql
& A A (A.4)
1 zZ x 2 '
1
and the direction of the vertical polarization by
A
e. =0 xé (A.5)
\) 1 h1

~
Similarly, for the scattered radiation in the direction 2., the directions of

horizontal and vertical polarization are defined by

VAl
a 'z\xﬂz
1 7x4 | (4.9
2
and
A
é‘v =92xé‘h , (A.7)
2 2
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A
respectively, These directions are illustrated in Fig. A-1. If 92 is the
specularly reflecting direction, so that

N\ A AN N
= - . A.
Q, Ql 2z(z Ql) (A.8)
then R a
e, =¢e (A.9)
h2 h1
and ~ A AANA A
e = e -2z-Q)zxe . (A.10)
v v 1 h
2 1 1
A
On the other hand, if Qz is the backscattering direction, so that
A A A
92 = - Ql , (A.11)
then ~
e =-¢e (A.12)
hy By
and A
e = ’e?v . (A.13)
A 1

To stress the polarization dependence of the scattering cross section, we may
consider four types of scattering cross section o m”® where £ and m may stand

)

for h or v. For example, Opv is the scattering cross section corresponding to
horizontally polarized scattered radiation when the incident wave is vertically
polarized.

Experimental data concerning the bistatic cross section are very scarce.
In the work of Hunter and Senior (1966), Pidgeon (1966) and others, where the
bistatic cross section is measured, the incidence angle 6 1 is limited only to
nearly 90° and the reflection direction is either nearly specular or nearly
in the backscattering direction. The detailed information on the directional

distribution of the scattered power from a rough surface in the microwave range

has not been so far reported in experimental work,
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A theoretical model for rough surface scattering and the derivation of
the cross section which is available in the literature may be classified
into the following three different approaches.,

a) The phenomenological model, By postulation, the surface is taken
as an ensemble of distributed spheres, facets and half planes. A review of this
model has been given by Beckmann et al (1963).

b) The use of series expansion, In this approach, the incident and
scattered fields are expanded in series and boundary conditions are used in
determining the coefficients of expansion. Due to the complicated procedure in
determining the coefficients, only the first and second order approximate solutions
have been reported so far, It is doubtful that any attempt to obtain the more
detailed, higher order solutions is feasible,

¢) The use of the Kirchhoff approximation, The use of the Kirchhoff in-
tegral representation of the scattered field offers a convenient means of finding
the approximate expressions for the scattered field from a rough surface. This
has been used by various investigators in obtaining theoretical models for rough
surface scattering. In the high frequency limit, this offers some basis for the
phenomenological models introduced.

Most of the existing investigations, however, are limited to the case of
back scattering and for the isotropic random surfaces. In the next few sections,
the Kirchhoff approximation shall be used to deduce the bistatic scattering

cross section for a sea surface with anisotropic wave spectra.

A3 Kirchhoff's Integral Formula

A mathematical formulation of electromagnetic scattering, which gives
approximate but useful results, is the vector extension of Kirchhoff's integral for-
mula. The Kirchhoff integral formula can be deduced from the physical concept
of induced sources as illustrated in Fig. A-2, When an electromagnetic wave is
incident on this surface, the scattered radiation may be interpreted as the re-

radiation due to the surface electric and magnetic currents,
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Consider, for example, an elementary area dA', with normal n', located at r'.
If the total (incident and scattered) field at this surface is given by ES(_E') and
_E:IS (r'), then the surface electric and magnetic currents per unit area at r' are

given by

J =n'x HG@) (A.149)

J =-n' xE (r) , (A.15)
m —-S -

respectively. The electric field due to these induced sources, observed at any.

point r , is given by

dE(r) = (@' xE (x) x V'G(z r)+ivp (0'x K" [6( r')+ —15 v V'G(r, )]
\—-"w

k

due to magnetic current due to electric current (A.16)

where
ok |x -

G = 47,.‘2_211 (A.17)

and
AP NN BN (A.18)
v * Tox! Ty ay' Z 5z

Thus, if the tangential field components B x Es and 1 x _}_IS on the surface are
known at all parts of the surface, the scattered fields may be obtained by adding

the contributions from each part of the surface, i.e.,

Ejp) = f dA {(3' x E (r") x V' G{z, ') + iw/»to(ﬁ x H(xr").
S

urface

.[G<£,y)+—1§ v o G(_I_‘,_r_')]} . (A.19)
k

86



Similarly the scattered magnetic field is given by

_1;12(_1_') =‘[ dA {(ﬁ'x_l:ls(g_')) xV'G(r, r') - iweo(n'xgs(g'))o [G(E,_I_‘_')+—12' V'V'G(r, 2')]} .
Surface k

(A.20)
Equations (A.17) and (A.20) are exact, provided that the exact surface fields are
used in the integration.
In most practical cases, the point of observation is high above the ground,
so that the far zone approximation may be introduced. Referring to Fig. A-2,

any point of observation may be represented by

A

r=Q,r , (A.21)

and the approximation

lr-z =@-m-9, &> (A.22)
is adequate. Then,
oL A 'ikﬁz'f
E,(r) = ik - dA{QZX('ﬁ'x_ES(g’))-anx[sz(ﬁ'x_IjIS(_g'))]} e
T Jsurface (A.23)
and
A
eikrf 1A [A . A, -ikQy- 1!
H_(r) =ik dA {— Q. x| Q2 x(n'x E (x'))] +Q . x (n'xH (z’))} e ,
2 47 Surface n 2°L 2 s 2 s
(A, 24)
A
where n = “o/ €, - (A, 25)

Equations (A.23) and (A.24) are the fundamental relations used in the approximate

calculations of the scattered field (e.g., Hoffman (1955); Aksenov (1958)).
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For plane wave incidence, the incident fields are given by:

E(z") = E (0) e . (A, 26)

1= (A.27)

Then, if Es and gs are interpreted as the surface fields due to an incident field

with the electric and magnetic field respectively given by E_I(O) and i ?21 x E_I(O)
at each part of the surface, we may have
k K, ~0)e 1t
. e1 * A A A A A )‘k(Ql_QZ).£
E (r) = ik dA{ Q. x(n'xE (r") - N2, x| Q.x(n' xH (x"))| }e
2= 47 r Jsurface 2 =s= 2 2 -8 - -
(A, 28)

Similar equations can be obtained for 1_12(5‘_).

In practice, the integral (A, 28) cannot be carried out exactly, even
if we know the shape of the surface, due to the difficulties in obtaining Es
and gs . A commonly used approximation is the so-called local tangent plane
approximation, Assume that the local radius of curvature of the scattering
surface is much larger than the wave length, so that locally, the reflected fields
at any point may be considered the same as those reflected by a plane tangent to
the reflecting surface at that point. With this approximation, it may be easily
shown that, (Aksenov, 1958)

T xE =1+ R NE, )+ B x T+ (1-R NE (@I Wxb  (A.20)

nd x B, =(1-R NE (O D x¥ - (4R, XE,(0)-B) &' x T, (A.30)

I

where A
. L (A.31)
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A Pal
and t=Q xt . (A.32)

Also
R, = cos Y - \/Nz—sinzy
-L cos vy +1/N2 - sin? 0%

- Nzcos'y—VNz—sinz'x

R" , (A. 34)

N2 cos 'y+‘VN2 - sinz'y

(A.33)

where
A

cos v = -, 1 (A, 35)

and

N = index of refraction of the surface.

In particular, if the reflecting surface is perfectly conducting, then,
R_l_ =-1 (A. 36)

and

R“ =+1 . (A.37)

For this case, we have,

A
' xE_ =0 (A.38)

and

A xH =21 xHI(0) , (A.39)

which are the approximate relations used by most investigators to simplify

computations,
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By introducing Eqs. (A.29) and (A, 30) into (A.28), an approximate relation
results between the incident electric field 1;31 and the scattered electric field §2 .

This result is given by

AN

A A A A A lk(Q —Q )‘r'

Q, xf dA'[(1+RL)(n'x"E)(ﬁ1' t)+(1-R“)(n'x€v><gl- tr{le 12
AAL

ik(Ql—Qz)-r'

.

AOA
_6.x0. xf aar [(1-R)E xTNE+ D - (1+R @' <DUE -’t")] e
2772 1 =1 I -1
(A, 40)
In order to clarify the polarization effect on the scattered field, let us,
by using the directions of polarization defined by Equations (A.4) through (A.5),

resolve the incident and scattered fields into the vertically and horizontally

polarized components as indicated below:

A

ikQ.. r (A.41)
E =|8. +5 . E.]e
E " lem ¥ n1 a1
and N A eikr
= +
E, [ehz B, + e Evz:l — . (A.42)

From (A, 40), it is seen that the components of the incident field and the scattered

field may be related by a matrix:

(A.43)
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where each component of the scattering matrix S o 2Y be expressed by:

k(?z ?2 ). r!
. i - eT
S = L.k dAle 1 2 -
Ifm 47
A A NOA A A,
-(1+R_L) (em1 t) (szem) (n'xt)
A A AN A A A
_(I-R”) (eml‘ t') (szelz) ¢ (n'Xt')
A A ~ A )
-Hl-R_L) (em]. t) 312'(11' x t')
A ./\' AN A
-(1+R“) (eml t") €0 (n' xt) . (A, 44)

The relations between the elements of the scattering matrix and the
scattering cross section may be easily deduced from the definition of the
scattering cross section. For example, for an incident wave with polarization
direction m (h or v), the power scattered by a surface area A, in the direction

92 , with polarization £ is given by

p, A
2
r

2
dp_ = , Slml . (A.45)

Therefore, if a rough surface A is relatively homogeneous, the average
scattering cross section from an incident wave of polarization m to a scattered

wave of polarization £ is given by

i s, | >

Im (A.46)

where < > enclosing any quantity indicates the statistical average.
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In order to carry out the average such as given in (A, 46), it is necessary
to express Slm in terms of the configuration of the surface.

To be explicit, let us assume that the surface is given by

z =2z (x,y) (A, 47)
so that
A A o)
n -X Zx -yz_ +z
7= Y (A.48)
1422 + 22
X y
where
A 0z A 0z
zX = 5x s zy = oy (A. 49)

Moreover, we let

o)
1

~
ind_ +
1s1n¢1 Z cosel] (A.50)

- [:')?sinelcosybl + 9sin6
and
A
Q2

[?csine cos{?l2 + §s1n6 sin¢2 + 'z\cosezj . (A.51)

2 2

Then, in terms of z, 61, ¢1, 92 and ¢2 , we may, after tedious algebraic manipula-

tion, express S m in the form

i o ) e-ik(qx)rl-q_yy+qzz) (A.52)
T 4q y gﬁm

Im :
where
q =sin6, cos ¢1 + sin 6, cos ¢2 (A.53)
qy = sin 6, sin ¢1 + sin 6, sin ¢2 (A.54)
and =cos O, + 0 (A.55)
q, T eos o, . .

The function glm , in the case of finite index of refraction N, are complicated

functions involving 91, 62, ¢1 and ¢2 and the reflection coefficients Ry and R)| ,
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which in turn depend on the angle of incidence < where

+sinf_cosf.z_ + sind_sinf.z - cosd
cos'y=5-{1\= 1 Lx L Ly L (A.56)

1 . fr1 5 2 1
il+z +2z
(. X y

Anticipating that, for most cases, when N—» o, R | ='-1, and R” ~ +1, one

may arrange g m in the following form:

glm - _(1+Ri)P£m —(1_R|\)Q£m+ 2 Glm
The function P, Q and G depend on the direction of incidence, reflection and

the slope of the surface. For highly conducting surfaces, the dominant con-
tribution to the scattering matrix comes from the factors G b and the other
terms may be treated as a perturbation. By straightforward algebraic mani-
pulation, the explicit expressions of the dominant coefficients Gfm , in terms of

6, ¢1, 0, ¢2 and the slope at the surface z = 9z/9x and 2y = 9z/dy are given

below:
G = - coselcos(¢2-¢1)
tz_ smelcos¢2
tr si .
zy smels1n¢2 s (A.57)
G~ s1n(¢2-¢1) (A.58)
G * cos(—)lcosezsm(¢2-¢1) .
+ . P . .
zx(coselsmezsm{bl cosstmBlsmjbz)
ty (s e
zy(slnelco.szezcos[b2 s1n9200s61005¢1) (A.59)
and

G .= cosBzcos(¢2-¢1)

-zxcos¢1$1n62

—zysm¢lsm92 (A. 60)
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The coefficients P 'm and le , which have less effect on the scattering

matrix for surfaces of large index of refraction, may be expressed as

_ _AC
Phh_ vi— A
AD

th: th=
_ _BC

th - th oA (A.61)
_ _BD

Pv ™ %% ="A .

where

2 . o . .
A—zX [s1n910086281n¢lsm¢2 - cosf, sind,, - 31nelcoselcos¢lcos¢2]

2 . . . : :
+zy |'_sm61c0892cos¢lcos¢2 - cos6, sinf,, - s1nelcos61s1n¢1sm¢2]

_szy [sinelcosezsm(¢2+¢1) + smelcoselsm(¢2+¢1)]

. . 2 . 2
-z [s1n61s1n92cos¢1 - coselcosezcosgé2 - cos 91c0s¢2+sm Olcos¢lcos(¢2—¢1)]

. . . . 2, . 2, .
2y [smels1n6281n¢1-00861c0892s1n¢2-cos 91s1n¢2+sm Gls1n¢1cos(¢2—¢1)—_l
+sinelcos(¢2—¢1) [cosf)1 + cosb,] . (A, 62)

2_. . A . . .

B=z_sinf, [sm¢lcos¢2+cos¢1(cosGlc0362s1n¢2+sm61s1n6231n¢1)]
2 . . . : :

~zysm@1 [cos¢1s1n¢2+sm¢1(coselcostcos¢2+sm61sm62cos¢1)]

_ ; + . .
zxzysme1 [cos(¢2+¢1) cos9100392008(¢2+¢1)+s1n9 sm9200s2¢1

1
-smel(1+ceselcosez)s1n(¢2-¢1)]
2
+ . cd o\ . . . : .
z_ [sin Blcosezcos¢lsm(¢2 ¢1) cosBl(s1n¢2+cos61cosezsm¢2+sm91sm9281n¢1)]
. 2 . . . .
+zy [sm Glcosezsm;bls1n(¢2-¢1)+cos61(cos¢2+cose100892c0s¢2+sm61sm@zcos¢1)]

(A.83)
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C-= -zxcoselcos;b1

-z, coselsin¢1

-Si.n91 (A.64)
D= -zxsin¢1

+zycos¢1 (A.65)

3/2
2, 2 2 2 2 2 2 2
= -~8i -+ -91
A [1+zx+zy] [zx(l 8in"6, cos ¢1) zy(l sin"0, sin ¢1)
2, .
-2zxzys1n 61sm¢lcos¢1+2zxsm6lcoselcos¢1

. . . 2
+2zysmﬂlcoselsm¢1+sm 61] . (A, 66)

The above expressions involved in Silm are too complicated to be of
practical use, For the case of slightly rough surfaces, however, we may neglect
powers involving zx and zy , and retaining only terms up to the linear terms.

Within this approximation, we have;

g!m N alm + blm zx + clm Zy ? (A.67)
where
a, = -2coselcos(¢2-¢1)+( 1+R l)(cos61+cosez)cos(¢2—¢1) (A.68)
(1+R.L)
bin * Zsmelcos¢2 - T [(1+coselc0862)cos¢1cos(¢2-¢l)
- )+cos¢lsm61sin62-cosel(cosel+cosez)cos¢2]
™M
Stub_ [(1+coselcos(92)sm¢lsm(¢2—¢1)] (A.69)
' (1+R.L)
Con = 2sin91s1n¢2 - stob. [(1+cos91cosez)sm¢lcos(¢2-¢1)
+sin¢lsin91sinez-sm¢2cosel(cosel+cosez):]
(1-R,)
- + i -
) (1 coselcosez)cos¢lsm(¢2 ¢1) (A.70)
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a, =2 sin(¢2-¢1)—(1-R")(1+ coselcosez)sin(¢2-¢1) (A.71)

(1+R,) (1-R,)
b= ) (cos91+cos62)sm¢lcos(¢2-¢1) + 5to0 [(cosel+cos62)cos¢1sm(¢2-¢1)
—cosGl(1+cos91c0862)s1n¢2-s1nelcoselsin628in¢2] (A.72)
(14R,) (1-R,)
= - + - + . . _
Chy stob (co.-‘ite1 cosBz)cos¢1cos(¢2 ¢1) stno_ [(cos91+cosez)sm¢lsm(¢2 ¢1)
+cosBl(1+cos91cos92)cos¢2+smelcoselsinezcos¢1] (A.73)
ay = 2cos9100s62s1n(¢2—¢1)—(1+Rl)(1+cosGlcos02)sm(¢2—¢1) (A, 74)
(1+R,)
b, =2 [cos@ls1n92s1n¢1—s1n91cos628m¢2]+ Stop [(cose1+c0362)cos¢lsm(¢2—¢1)
—cosel(1+cos9100562)sm¢2 - sm01c0s61s1n62sin¢1]
(1-Ry)
+ Sino), (cosel+cos62)s1n¢1cos(¢2—¢2) (A, 175)
(1+R))
o= 2 [s1nelcosezcos¢2—00s91smezcos¢1] + stno) [_(cos91+c0862)sm¢1sm(¢2—¢1)
+cos91(1+coselcosez)cos¢2+sin9lcoselsinezcos¢1]
- im0 (cosel+cos62)cos¢1cos(¢2—¢1) (A,76)
a =2 cosezcos(¢2-¢1)-(1—R||)(cose1+cost92)cos(¢2-¢1) (A7)
. (14R,) (1-R))
= __2 3 - s . - ————
v s1n6)zcos¢1 stn6 (1+cos(-)1cosez)mn{lilsm([é2 ¢1)+ sind [(1+cos@100592)
) 6 Vi : _
cos¢1cos(¢2 ¢1) s1n9151n02cos¢2 cosOl(cosel+cos(-)2)cos¢2]
(A,78)
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(1+R.L)
c = -2 s1n9281n¢1+ ;—igl- (1+cosGlcosez)cos¢1sm(¢2—¢1)
(1-R))

+—
smB1

[(1+cose cosez)sin¢lcos(¢2-¢1)+sin61sinezsin¢1

1

-cosel(cose +c0362)sin¢2] . (A.79)

1

Here the approximate R, and R, are :evaluated through cos vy = cos 61 .
Thus, for the case where the surface is highly conducting, which allows the
approximation

ng—l, R“g"l'l s

it is reasonable to retain only the first terms in Eqs. (A, 68) through (A, 79) for
the calculation. This approximation is introduced in the calculation of the scattering

cross section, o, in this report.

A.4 Average Scattering Cross Section of Random Surface

In carrying out the statistical average of the bistatic cross section for
a rough surface, we assume that the surface is spatially homogeneous and
temporally stationary. That is, the surface described by z=z(x,y,t) is a
homogeneous, stationary random variable. In order to specify the statistical
properties of this surface, we shall further assume that the random variable is

normally distributed and has the correlation function given by:

] ) 'a ! = H ’ (A¢80
Lalx, ), 2(x,y) > ('rx,'ry) )
where
Y-S (A.81)
X
Y
y y-y.

Based on this homogeneous approximation, it is possible to carry out the
computation of the bistatic cross section,
From Eqs. (A.46) and (A.52) through (A, 55), the formal expressions

for the cross section may be given by

2 -ik(q 7 +iq 7))
ozm=%fd"fdyde' j:iy'e Wy

iqz(z'—z)
< By %V 8y, (XFT LY+ e > (A.82)
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where, for simplicity, we denoted

2 L,y . (A.83)

For a spatially stationary random surface, we infer that

iqz(Z'—Z) A
+ + =
<g£ In(x, y)gz m(x L 'ry) e > Kl m(’Tx s 'ry) , (A. 84)

which is independent of x,y . Thus, we have

2 -ikg T ~-ikq 7T .
A A~k Uy qyy
Gﬂm( Q, Ql) = 47 cos0, dexdeJ e e Kim(Tx’Ty)

(A.85)
In order to estimate the statistical average K!Zm , we use the approximate
linearized form of g m given by (A, 67), so that
iqu(z'—z)
Kl m(Tx ’ 7-y) ) < (aJZ mﬂHo lmzx+c£ mzy)(al m+b£ mz;( +C£ ngr)e >
(A. 86)
For normally distributed surfaces whose slopes are also normally distributed,

the joint probability of the five random variables

>

>

z (A, 87)

>

>

can easily be written down and the statistical averages taken,
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For a simple way of evaluating K‘em, we note that, for normally

distributed variables

<3Xp (i Z qii“i)> = exp -% Z Zpij qiq]. , (A.88)
J i 3
where

Py = <uiuj> . (A.89)

Explicitly, we have

o,y =2 [H(0,0- H('Tx,'Ty)] \

Pog =Py = HLL0,0

P33 ~ P55 ~ Hyy(o’ 0)

Plp “Pig TPy TPy = THTLT)

Pi3 = P15 “P3 " P5 T -HI(T,T) (A.90)
Pyg = Pggy = H, (0,0

Pog “Pgp “-H (T . T)

Pos = Psg = P3q =Pz = -H (T.7)

-H (r,71)
yy x° ¥

Pas =Py = H (0,0 ’

where, for simplicity, we denoted

oH
X or
X

>

H , ete, (A.91)
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It follows, therefore, that

(atb ugte u3)(a+b u te u5) [exp -i zq] u]>

J
(it —2 9 9 . . 9
=(a+ib aq +ic 3‘13 Ya+ib aq4+ ic ) exp[ Z Z if u, a

(A 92)

Using the above and noting that
q, =ka,

U, =43 =9, =a5 =0 ,

one finds that

) 2 2
K lm(T » Ty) = exp {-k qQ, [H(O: 0) - H(Tx"ry)]}

ikq Hy] —b [H +k2q2 i]

2
. +2
a a, b zmczm z

i +
Im m {m 1quHx] 2a

_cim[ 2 2] -2b, clm[ny+k2qi HxHy] . (A, 93)

Now, it is easily recognized that

2 2 . .
‘l‘dTX f dTy exp {-k q, [H(O, 0)-H('rx,7y)] -1kqx7'x-1qu7y}

Hx ikqx
H ikq
y 1

22 2 = 2 2

+ -

HxxquH kzq2 kqx

2 2 z 2
H +k"HH -
Xy 9 Xy kqqu

22 2 2 2
H +k -k
yy %y Iy

2 2 . .
f dr, f d'ry exp {-k q, [H(O, 0)- H('rx,'ry)] -1kqx'rx-1qu7y} (A.94)
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Therefore, from (A.93) we may have the relatively simple result:

K2 2
. 2 [2m% = Pom% ®tmIy |
Z

Glm= 4

2 2 . .
. fd’rxdey exp{-k q, [1(0, 0)- H('rx,Ty)] -ﬂcqux-ﬂcquy] .
(A.95)
Thus, based on the assumptions that

i) the surface is slightly rough (neglecting the higher order terms of Z s zy)

and
ii) the surface height is normally distributed,

the scattering cross section may be evaluated if the surface height correlation
is known. The result so obtained is probably adequate for slightly perturbed
ocean surfaces. The application of the results of this section to an ocean surface

is given next.

A.5 The Ocean Surface Wave Spectrum and the Scattering Cross Section

In order to apply the result of the last section to a rough surface such as
the sea surface, it is necessary to find the correlation of the surface height.
Searching through the available literature, it has been found that such information
is not readily available. However, directional spectra of ocean surface waves,
based on the empirical data, have been reported (Kinsman, 1965), We, therefore,
shall start from the directional spectra of the ocean surface and deduce approximately
the correlation of the surface height.

For small perturbations of the ocean surface, including the effect of
gravity and surface tension, each component of ocean wave may be represented
by the form

Z~a exp [-iot+n1+x+:c2y] . (A.96)

For deep water, the frequency o and the wave number

K = Kf + k2 (A.97)
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satisfy the dispersion relation

02=gl<+ r'icS, (A.98)
where 9 9
g = 980 cm/sec” = 9.8 m/sec

and
[7= coefficient of surface tension/density

=74 dyn—cmz/gm -7ax10° Nt-mz/kg.

In Fig. A-3, the relation between o and k are sketched. For waves
of small perturbations, one generally divides the ocean surface-wave spectrum -
into gravity waves and capillary waves. It is easy to see that the phase velocity

of the wave is minimum at

k= /-rg,— = 364 Ra/m (A.99)

corresponding to a wavelength of

L =-2" -1.73 x 10-2 meters. (A.100)
m K.m

Waves for which
k>k ,(L<L )
m m
are dominated by capillary effect of the sea water (surface tension) and hence

are called capillary waves, while waves for which

k<k (L>L)
m m

are dominated by gravity effect and hence are called gravity waves, *

e
For the doppler frequency under current investigation, the wavelength is

about A = 3.5 x 1072 meters, so that, roughly, components of ocean surface
waves of dominant importance in the scattering process is in the upper ultra-gravity
wave range.
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FIG.A-3: The Wave Number vs Frequency for the Sea Surface.
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In an open, developed sea, especially with wind blowing, the wind energy
is coupled to the particular component of wave with velocity the same as that
of the wind. This energy then spreads into all other wave components by the
viscosity and nonlinear effects which are not accounted for by the linear per-
turbation theory. Due to the complicated mechanism of the coupling of energy
between the wind excitation and various components of waves for an open,

developed sea, we represent the sea surface as

(08} ® @
z(x,y,t) = fdo fd/cx fdky a(lcx,lcy,c) exp{-i[cﬁnxxi-xyy] z ;
- - -

(A.101)
where a is treated as a stochastic variable, Thus, in general, we have a

three dimensional correlation function

H(Tx,Ty,Tt) =< z(x,y,t)z(x**rx,y*'ry,t-i*rt) >= j:ic fd'rx fd'ryé(lcx,lcy, o)

. exp {—1 (O"Tt- KXTX—Ky’Ty)} (A,102)

The function
A
@(KX,Ky, )= ¢ (k,a,0) (A.103)
where
K =K cosc
X

Ky =K sina s (A.104)
is known as the three-dimensional spectrum of ocean surface waves.

Actually, the measurement of the three-dimensional spectrum is not
necessary, since by the dispersion relation

c2=g:c+r‘l<3 ,

a relation such as

o(k) or k(o)
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exists, Therefore, we may express @ (k,a,0) either as functions of (k,a) or,

alternatively as a function of (0,a). Mathematically, therefore, we may have

dk dk do i)(lc K ,0)= K dk dado@(lc,a,a)
X Yy Xy

2 d drdo @K (K,a)é[a—o(:c)] 2 4k d do @c(o,a)é[lc—lc (o)] .

(A, 106)
Substituting the above in Eq. (A.102) and carrying out the integration over the

6~functions, we have

H( T Ty’ 'Tt)= fc dk fda @ K(K,a) exp {—i[o(& )Tt—K(Txcosaﬁysina)]}
= j‘do f dr Qg(o, a) exp{ -i [c'rt—lc(cr)(q'xcosaﬁysina)]} .

(A.107)
A comparison of the two integrals above yields
_ 1 do(k)
@K(K,a) = @0(0,01) r de - (A.108)

This relation may be used in obtaining H(’rx, Ty) to the measured directional
spectra.
According to Kinsman (1965), the directional spectra deduced from

SWOP measurements is estimated to be

@G(o, a) =C er- o0 exp{_ngG-ZU—z} . 7% [1+ [_E) 50+0. 82 exp(- -;- g_404U2 )] cos 2

+ [0. 32 exp (- % g'4o4U2)] cos 44 (A.109)

for

[CE S
IN
R
IN
(ST
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where
U is the wind velocity
o is the direction measured from U

and C = (2.05) m2/8905

On the other hand, in the calculation of the scattering cross section, we like

to have the correlation function

H('rx, 'ry)=H('rx, T 0)= f o (K. a)exp [1&(7 cosa+T sma)] ‘
0 (A.110)
Thus, the information on @ Cr(cr, «) and the relation of (A,108), in principle,
enables one to calculate H( T 'ry) .
Due to the uncertainty involved in the measurement of ocean surface
spectra, it is felt that a complicated numerical procedure of computing
H('Tx, 'ry) seems to be unjustified. For a simple approximation, we shall, by

taking the x-axis parallel to the wind velocity, approximate H( 2 'Ty) by

—

H(r ,7) = H(0,0)]| 1 - (A.111)
Xy

th'NqN
|
VL L

J

and neglect all the higher order terms which , in general, contribute only to
the second order effect at best,

With this approx1mat1on we find that

H(0, 0) = f f wd (ka0 , (A.112)

H_(O_,ZO_) = %deKf ch@ (k,a)cos’e | (A.113)
X 0
"o‘

-7f2
da @ (K. a)sm2a . (A.114)

Mlo—-‘

—7r
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By using (A.109) and (A,110), one finds, by direct integration,

_am(TN3/2 (U5
H(0,0) =3C( 3) (Zg)

Since, however, the "correlation distances" Ix and ly cannot be evaluated
analytically, one has to resort to the numerical integration. The results
are presented in Figs, A-4 and A-5. In Fig, A-4, the mean square surface
height is plotted against wind speed, while in Fig., A-5, ﬂx and ly are plotted
against U. In this formulation, therefore, we relate approximately the effect
of the wind speed to the ocean surface scattering.*

To include the effect of the direction of the wind, we shall now assume

that the wind is blowing in a direction making an angle ¢y with the x-axis, Then

by simple rotation of coordinates, we may write

('rxcos ¢/+Iysin¢/ )2 ('rycos Y- *rxsim//)zJ
H('rx, 'ry)= H(0,0) |1- £2 - 12 (A.115)
X y

By introducing this approximate correlation function into (A.95), we

obtain the following expression for the bistatic scattering cross section:

) lez 9 ]:(qxcosgw-ri_ysim/,)2212‘I ]

o ———[a q -b, q -c ].exp
Im 4q:H(0’ 0) fm*z Im7x !mqy 4‘13 H(0, 0)
( cosgl/-qxsimp)zﬁ2
exp | - k' 5 y] . (A.116)
4:qZ H(0, 0)

*It should be noted that the correlation distances £ ,{ are calculated by a
linearization approximation (cf eq. A-111). The vaxflueys of £ ,£ , presented in

the Fig. A-5, are within the limitation, where the linearizaéonyapproximation is
considered valid. For wind speeds higher than, say, 5m/sec, the nonlinear
effects should be taken into account, and, as a consequence, a direct extrapolation
of 4., Ily for higher wind speeds is probably tenuous.
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For the purpose of carrying out the computations involved in this work,
we only consider the scattering cross section under the following conditions:
i) the incident radiation is horizontally polarized,
ii) the conductivity of the ocean surface is assumed to be very large,
sothat R = -1, R =+,
iii) the observer for the detection of the reflected radiation may receive
both components (vertically and horizontally polarized) of radiation, so that

o=ohh+ovh .

Based on these approximations and using Eqs. (A, 68) through (A, 70)
and (A, 74) through (A, 76), we find

2.2 2.2

(q cosy+q_siny) £ +(q cosy-q_siny) £

. exp [- % Yy 5 x Ty % l]-(A.lN)
4q’ H(0,0)

This is the approximate relation, Eq. (2.23), used in the present inves-
tigation. It is recognized that a more accurage result could have been obtained
by including higher order terms of (9z/8x) and (dz/dy) and also by incorporating
a finite index of refraction for the sea surface. The resulting computation
would be enormously cumbersome, even though such an extension is stratight-
forward., However, due to uncertainty involved in the sea surface spectra and
also the inherent shortcomings of the physical optics approach, it is felt that
Eq. (A.117) is adequate as a first order approximation for a surface which is
intermediate between a specularly reflecting surface and a surface that gives

rise to a completely diffused scattering.
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APPENDIX B

COMPUTER PROGRAMS

Rough Surface Program

This program was used to calculate the directions of the maximum radiation
received and the power level received at various points above the sea surface.
The input to the program consists of the radiation pattern of the antenna, X,

Y, and Zr/ z, for the location of the receiving point, the wind speed and the
direction. The output consists of the power levels received at various
locations, coming from different directions from both the major and minor
lobes of the antenna.

This program took 9.5 seconds to compile and 21 seconds of CPU time
to run for 13 points of the coordinate points and one case of ZRA,PSIand U .

The Flow Chart and the input data for the Rough Surface Program are
included for reference, along with some comments on the antenna pattern.

The radiation pattern of the doppler antenna AN/ APN-153 employed in our
present work was experimentally obtained for 360 x 90 = 32400 coordinate
points covering the entire hemisphere with one degree steps in each coordinate.
That is, the azimuth coordinate ranges from 1° to 360° and the latitude coor-
dinate from 91° to 180° , The peak intensity of the AN/APN-153 antenna
pattern is 37 dB.

The radiation intensity at each coordinate point was expressed in dB,
multiplied by 10 and then converted into its binary form. The entire

antenna pattern, then, is filed in a 360 x 90 matrix form as shown below,
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Al,l A1,2 A1,3 e e e e e e e AL90
L A2’ 1 A2,2 A2, 3t e e e e e A2, 90
-
o
A3,1 A3,2 A3,3 e e e e e e e e A3’90
A360, 1 A360, 2 A360, 3 A360, 90

The element A represents the antenna radiation intensity at ¢o= 1°,

1,1
= 0.
90 91 A152_, 50

The antenna pattern is usually expressed in such a way that it is unity

at ¢0= 152°, 6, = 500+ 900 = 1400 (cf. Program List No. 43).

at its peak point, when expressed in the linear form, by normalizing the
pattern intensity by its peak value (in our present case, 103' 7 ). The
FORTRAN statement of the List No. 12 yields the desired antenna pattern
in the linear form. It can be seen from the following.

In the expression

2, 302585{0. 1 [Frip-37] }

FF() =e (B.1)

let A
FF'(D) = 10 log,  F, (D

37410 log, Fo»
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so that

F, (D
1 - = —
FFY(D-37 =10 log10 = ,
2
or Fl(I)
logyy 5~ =0-1 [Frm-s1] . (B.2)
Since
= = <. 02585
ILn x Ln10 loglox_ 2,3 log10 X,
ILnl01 F10 Ln Flm
n g, \———
10 Fg Fy
e = e
_ Fl(I)
Fy
Let
Fl(I)
LA
F, = F @ . (B.3)

The equation (B. 3) is the desired pattern expression .
The List No., 6 is the UNFORMATED FORTRAN READ Statement.
The procedure for activating this statement depends on the particular computing
terminal facility through which the program is run,
For convenience, the input data for;
a) the selected coordinate points of (¢0, 60)
b) the relative receiving coordinate points, and

c) the wind speeds and their directions

used in carrying out the numerical calculation are presented, along with the
AN/APN-153 antenna radiation pattern FO(GO, ¢o) for the 57 points selected

in calculating F2M.
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FORTRAN IV C COMPILER VATN - '12-11-69 10:48.35

»esees THIS PRCGRAM COMPUTES SCATTERED

c
C RACTATICN INTENSTTY FROM OCEAN SURFACE eeee
c
6001 DIMENSICN (CNABU2),ZRAA(160),PSTA(LCC),UA(100)
00U2 CIMENSICN PO(200),TC(200),X0(200),Y0(200)
C0C3 DTIMENSTCN F{360490),FI(32400),FF(32400)
0004 INTFGER%Z TF(2240C)
o COC5 FQUIVALENCE (FyFF) (TF(L),FI{16201))
c
- C eese«REAUTNPUT DATA GF RACIATION PATTERN. . ees
Guoe REAN(2) IF
CoC7 Pl1=3.1a415627
008 ACJ=37.
B of ¢ o CC 45 1=1,324CC  ~— 7 - - -
0010 FILI)=TF{T)
0011 FF(TY=0.1*¢FT (1Y T
0012 45 FFOT)=EXP{242C2565%C.1%(FF(I1)=-ADJ))
T
C ceeeaoREAC INFUT CATAvennan
o T T NGV UINC, CF THE ANCUESTTRETAG, PHIG)Y
¢ MessoooNCoe CF RECFIVFER POINTS(X,Y)
T T T VS N CF TR VARTATIONS EGRZRA,PST AND 0
C TCeaee o THETAG
C FleeesoPHIT -
o XCoowoe e KELATIVE X (CCRCINATE OF RECEIVER
""" - C 7 YUo....RELATTIVF Y CCCRECINATE CF RECETVER ~— 7~
C I70Aee sRATIC CF HEIGHT RETWEEN THF RECEIVER
T C ANG TFE TRANSVITTRF T T T
C P TAee oW IND LCIRECTICA
C UCReeos. . WINE SPEED
Col3 READIS5,1C1)IN
¢alae RFAC(5,1C1YW e T T
Cio1s REAC(95,1C1) L
VIV - CUICT FCRMAT(TEY T T T T T T T T
G117 READ(S910Z)(L(TCLT I 4FCLI))yI=1,N)
Gh18 READ(S,1CZY0UXC(IY,YCITY),T1=1,M)
Jo19 1C2 FURMAT(2F1C.5)
- =020 READ (B, 10CY {{ZRAP (T PSTATI I yUATTY Yo 1=1,01)
0ozl 1C0 FCRMATI(ZF1C.5)
0072 TC 996 KK=1,L
0023 IRA=ZSAA(KK)
0024 PST=PSI/(KK)
0025 U=UA (KK )
C
C eeesonsCALL SUBPRCCRANM TGO CUMPUTE ADEBOCeecssss
- €026 CALT. TFLINT{U CCNEEY
0027 AC=1./4./CCNARL(L)
0cz8@ BC=1./4./CCNAE(2)
uL2s Y3:=SCRT{AC*FC)
o Ca3s CC 9SG JJ=1,¥
00321 X=XG(JJ)
TTTTTTR032 Y=YC(JJ)
0633 WRITE(€,1CCC) PSI,LyAC,BO
0C34 WRITE(E,ICCIY ZRA4 XY
0035 WRITE(€,1002)




FORTRAN IV € COMPILER __MAIN 0 12-11-65 » 10:48.35

0036 : 1000 FGRMAT{1H1,2X,4HPSI=F10., 5.2x,2Hu F10. 5 2%y
1 - IHAD=F12.592Xy3HBO=F12.5)
cu37 1001 FCRMAT(?X,thRIZA=FIC 592X 9 2HX=F10.59
1 2Xe2HY=F10.5/7)
0038 1002 FCRMAT (4X44HPRIC ) 2X 60 THETAC 44Xy 4HPHI1 92X,
1 GRTHETAL 44X y4RPHI 242X 4BHTHETAZ 4
11X32FFCy 11X ZHF2 411X 42HDK 39X,
T3 T U 4FTKF2,EXSFLBKF2,6X44HDBF2/7)
0029 CC 39 1I=1,N
C
C ceeeea s LCMPUTE FO(RACIATICN PATTERN)eeeeses
Ch40 APTIC=rC{I1)
0041 ATHC=TL ()
TTTTT UUna7 - TAPHIU=APHIUYD.51-1.C T R
GU43 ITHUO=ATHC+C.51-G0.
C044 FC=F(IFFIL,ITFC) T T
C045 THETAU=ATEC®RPI/180,
0J46 PFIU=AFRICAFI/130.,
C
T C e eeeeesLUMFUTE THETALI PHIleeooons
0047 : ATHLI=18Ce=-ATKC
0047 TFFTAL=ATFI*PI/16C.
Cr4s APHTL1=APHIC+1&C,
CU5C TF{APFI1 .LE. 36C.) CGC 10 6C
tobv1 APHI1=APFI1-3¢C.
cce2 CO PRILTZAFRTLIXFI/180,
C
) Tl e e e e s CENPUTE THETAZ ) PFIZeeneeese
Cub3 ARGL=X+TAN(THFETAL)I*CCS(PKIL)
0054 ARGZ=Y+I1AN(TFFTIALIZSIN(PHEIL)
Cuss TFUARS(ARCL) LT 1.E=204ANCLARSIARG2)
ST TTTWOLTL1L.E-2C)Y CC IC s¢
0056 IF{ARS(ARGLI) LT 1.E=20) GC T 23
0057 T T T TEIABS{ARG2)YLLTL1L.CE=-20Y CC TO 26
0C58 PEI2=ATAN(ARGZ/LKCL)
0N59 [FIARGL.CT.C+.ANLC.ARC2GT0e) GG TO 20
R IFIARGLoLTeCuoaANDLARGZ2.GTL0.) GC TO 21
(061 T UIF(ARG L LT .04 eANDLARG2.LT.0.) GN TO 21
NUE2 IF(ARG14CTa04aANCLARG2.LTL0.) GU TO 22
QCey T T T e PRIZ=C, - T
00e4 GC TC 20
CCES Z1 PRI?=PFI_+F1
N0E6 GC TO zC
00€e7 o 27 PYIZ2=PHIZ+7.%F] - I T
_coes GC TC 20
00ES Tz PRIZ=PI/ 2. T
CO07¢C 20 THETA2=ATAN(ARGL1/CCS(PHI2)/IRA)
0071 ATHZ=TRETAZ*12C./P1
0072 APHI2=PHIZ#1R(C./P1
C
» C eeeoss s CCMPUTE CX9GY9G20nceces
0073 QX=STIN{THETAT ) *COS(PRTIIY+SIN{THETA?2Y%COS(PHI2)
C074 QY=SIN(TFETALI*SIN(FEIL)+SIN(THETA2)%*SIN(PHI2)
to7¢% GZ=COS{TFETATV+CCS(TFETAL)
C
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;2—11—69

10:48,35

FORTRAN IV G COMPILER MAIN

C esesees CLCMPLTE THE FUNCTICNS DKoF25
C CKF2,LEKF2 AND DBF2eceess E
c F2eeeeas THE REFLECTEL RADIATION INTENSITY
) C CKeeoss THE FUNCTICN INVOLVED IN ESTIMATING
c THE REFLECTEC RADIATION INTENSITY
T FRCM AN ANISCTROPIC OCEAN SURFACE
c DKF2esoTHE APPRCXIMATE INTEGRATICN TC ESTIMATE
C THE LEVEL CF THE REFLECTED RADIATION
C INTENSITY FRCM AN CCEAN SURFACE
o - C [BKF2. .0KF2 TN CE T T T T T
C CRF2.4.F2 IN CB
J0T6 YF{rRSIGZT.1E.1.E-2C) GO TC 99
covt ALPHA=(CX/C2
go78 T T EEYa=QY/CZ T T T
co7S ALPHA2=ALPHAX#?
80T T T T RETAZ=BLTA¥E2 T o
CoEl GAMMAL=ALFFAXCCS(FSI)+RETAXSIN(PST)
0)32 GAMMAD=LETA*CUS(PSI)-ALPHAXSIN(PSI)
€383 RGL=GAMMAL#%2
T GJUE4 - EGCZ=GANMAZ®% 7D
0385 NDELTA=1.+ALFFAZ+EETA2
- B o CELTAZ=RELT ARy~ 77— 7 o
€l&7 EFSI1=AC%EG]
00%8 TPSI2=8G%BG?
0089 TAU=EPSIL1+EFSI2
R eL=TV) IFTABS(TALY CE. 174.) GG TC 50
ccsl F3=1./EXP(TAU)
TCTS2 FI=0ELTA2%F? o T Tttt T T T
€cs3 GC TC &2
(CG4 50 F2=0.0
coss €2 CONTINLT
T 0056 WECOSCTRRTALIACCSITRFETALY /COS(THETAZD
cCs7 F2=ARS(Y2%W*F(*F1/44/F1)
T TTTTTTTITARS{F O LA TALESTOY 60 706 81T T
€99 FM2=ALLCITZ)/2.2025¢€5
01co TRFI=IC.%END
010 GC TC FC
cic? 81 CB%2=0. T
€103 8¢ DK1=CUSITRETAL)+CCS(THETAZ)
TTTC104 CK2=CCS({TFETALVACCS(TFETALZ)
0105 DK3=14+SIN(THFETALYI%SIN(THETA2)*COS(PHILI-PHI2)+NK?2
01C6 TF{ABS(CCS(TFETA2 ) LT.1.F=-20) GC TO 99
o1c7 CK4=CCS(TRFTAL)/CCS{THETAZ)
Tic3a DK5=ZRAXCKI%DK4/C(CS{TheTAZ)
Cl09 NKE=ZRARZRAK[K 4%
C110 CK7=1.4CKE3DKE
G111 IF(ABS(CK7) +LT. 1.E-20) GC TC 99
0112 DK=ARS(PI*DKI*%3%LK2/0K7/Y3)
0113 DKF2=ABS (CK*FZ2)
0114 TF{ABSIDKF2)LT.1.E-7C) GC TC B2
0115 ALKF2=ALCG(DKF2)/2.2C2585
0116 CEKF2=10.%ACKF2
0117 GC TO &3
0118 2 CEKF2=C.
Ccl1s 83 CCNTINLE
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12-11-69

FORTRAN IV C CCMPILER MAIN 10:48435
C
C ceessssPRINT CUT APHIC,ATHQ,APHIL,ATHL,APHIZ, .
C ATH2yFQ4F24CK,CKF2,D0BKF2 & DBF2
- Cle0 WRITE(€,1003)YAPHIC,ATHO, APHI1,ATH]1,APHI2,
1 ; ATH2 4FC yF24DKDKF2,DBKF24DBF2
0121 T003 FORMAT(eFB.1,4E13,.3,F11.3,F10.3)
0122 69 CCNTINLE :
B c1z3 569 TCNTINUE
Qlz4 CALL SYSTEN
) Cl2% T TEND T T T
TCTAL MEMCRY RECUIREMENTS (41714 BYTES
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FORTRAN IV C COMPILER CRLINT 12-11-69 10:48,55

coolr SUBRCLTINE CBLINT(U,CCNAB)

esevessTHIS FPRCGRAM CCMPUTES CONAB{(1)&CONAB{2)
IN THE FUNCTICN REPRESENTING THE
SCATTERING CRCSS SECTICN FOR AN
ANTSCTROPIC CCEAN SURFACEaeceess

c002 CIMENSICN AFI(6CC)Y,AF2(60C),CONAB(2)

00cC2 REAL K

0C04 P102=1.57C17S¢€

OO OO

esseceeoslFE INTEGRATICN INTERVAL IS CIVIDED
INTC TFF ThT REGICNSeeceees
CeeaesoTHFE CUMULATIVE STEFS IN THE EVALUATION

OO O

C TG THETINTEGOATION RY TSTMPSON FCORMULA -
¢ FesoosslFE STEP=SI17E IN THE STMPSCON FORMULA
T C M ee s o KUTTE THE STEPS TN THE INTEGRATION T
caes G=U.1l
00C6 F=0.1
coc7 M=301
TTTToCes T CY CONTINUE
¢oCs DC 2CC T=1,4¥
TTEC1C ’ K=y — T ) T
Q011 K Z2=K %K
TO1Z KI=K,*K
Co13 L2=u*i
0a1e 7 L4=02%072 e e e e e
0018 C1=7¢540.CCL1LTHK2
TUTTTEd 6 C2=C,6%K4(,0CCCTa¥kz 7~ T
c017 (R=50RT((2)
CC18 C4=1€:./L27C2
cul9 IF(Cs «CEs 1744) CL TC 20
oo T Co=1./ExF(Cqy 777 e
Chgl CE=C %%
[ U1 1= Y o =Ty D Y o W TLY7E T S17E T of A - T
0023 TFC €7 .CF. 174, ) GC TC 20
Coch Ca=1./EXF(CT)
025 Ge TU 21
““ Jvze I CE=T. T -
Ce21 21 C6=C3%%7
o Cuz€ XIO=K2*C1%*(57/CS
P X20=0.41%C8
0020 FI=X10%(1.2F+2x20)
Co2l Fo=X10%((,75=-%20)
S GC TC 22
cons 20 Fl=0.
- VED FZ=0. -
00 3% 22 AFL(I)=F1
QU 36 AF2{TY=F?
0037, C=Q+H
O ET: 2C0 CCNTINCE o
ce2s G=G-H
e c
C nno-c.-CLNFUTE FU“CTIEN SXMP("",AF,M)-.-...
€04C  REFL=SIFF(F4AFL, VM)
0041 BRF2=SINF{F4AF2,M)
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FORTRAN IV C CCMPILER

CBLINT 12-11-69

10:48.55

0042

IF(H.EG.2.C) GC TC 102

0C43
CO4a4

F=2.0
M=201

0045
004¢

BF1=BRF1
BF2=DRF2

0047
G048 1C3

Gr TC IC1
RF1=RF14RRF]

004c

05y
TTCo5T

c0e?2

FF7=0FZ+R8BF2
CONAE{L)=FIC2%RF]

T CONAR(2)=FICZ#*BF? ‘ T

RETURN

CCs13

END

TCTAL MEMCRY REQUICCFENTS OC1¥I® RYTES T
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FCRTRAN IV _C COMPILER

Simp

12-11-66 10:49.00

0001

FUNCTICN SIMP(H,SF,N)

oy O

eeeese s CCMFUTE FUNCTICN SIMP(H4SPyM)eceeos

GOc2
00C3

DIMENSICN SP{€CO)
S=SPLLV+SP(NM)+4,%S5P(2)

C004

0oes £C 10

MVI=V-

1
I=4 4MN1,2

0006
ccQ7

1c

S=S+2.
STMP=S%H/2,

ESPII-1V+4,*SF{1)

cocH8 RETURN T
CGCS CAD
) TCTAL MEMCRY REQUIREMENTS CCL1Fe PYTES
T EXECUTIUN TERWINATED 77— o e e ) T N



The Coordinates of the Selected Locations in the Antenna
Pattern.

@) 6,

#S1 TS DATAAA

> 1 1510 14N.0
> 2 15N.N 142.N
> 3 155.N00N 152.0
> 4 153.0N 139.0
> S T45.0N0 134.9
> A 142 .90 14440
> 7 1535.00 164.0
> < 152.0N 172.0
> Q9 159.90 158.0
> n 154400 12740
> 11 144.00 123.0
> 12 13%.N0 19N .0
> 13 132.00 1210
> 14 14N .00 137.0
> 15 147.00 150.0
> 16 152.N0 1AR N
> 17 155.0N 1RReN
> 1% 142.N0 178.N
> 19 142.00 156.0N
> 29 156.N00 134.0
> 21 146.0NN 120.0N
> 20 135.N0 1140
> 23 110.7N 111.0
> D4 122.NN 124.N
> 25 1A% .NN 134.0
> 24 142 .00 153.N
> 27 142,00 1727
> 28 152.NN 190.0
> 29 156400 199.0
> 30 1A% 0N 17440
> 31 . 145100 1500
> 32 152%.10N 122 .0
> 3 149 .00 114.0
> 34 13N.29 110.0
> 35 125700 109.0
> 36 114.00 106.0
> 37 2,10 1NEN
> 3% 117.00 19,0
> 39 11%.NN 1220
> 40 13N.00 134.0N
> 41 14 ,0NN ICACEA IR
> 49 14900 P340
> 43 155.00 2169
> 44 145.00 225.N
> 45 13%.N0 236.0
> 47 158.0N 295.N
> Zlq ’ 162-” 2030")
> 49 153.0 209.0N
> 50 144.0 21%.0
> 52 130.0 240NN
> 513 117N 24240
> S4 106.0N 2500
> 55 119.N 250.0
> 54 133.NN 245.0
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(Y)

The (X,Y) Coordinates of the Receiving Points
(Y)
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The Relative Receiver Height, Wind Direction
and Speed.

149
15N
151
152
153
154
155
156
157
159
159
150
141
162
1AR
164
1A%
164
147
1AR
169
171
171
172
END NF FTLE

(zy/2,)

® ° e o s o s o o o o

2002320220223 D009009D032000T

NN TN ST A NU RS Ul = s s e s
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The Radiation Pattern of AN/APN~153.

|
|
,PHIO _ THETAO ! FO I = : 1 (o] THETAO FO
j 250.0 1C6.C 0.251E-02
14C.0 151.0 . C.851E CC 250.0  119.0 0.138E-01
142,20 15040 | C.832E 0C _245.0  133,0 | 0.754E-02
152.¢C 155.C | C.776E CO 247.0  118.0 | 0.832E-02
139.0 153.0 | 0.6C3E 00 '
134.0 145.0 | C.724E 0OC T
146.0  148.0 | 0.257€ CC
164.0 155.0 0.372E CC
172.0 15,2 0.3CSE 9C
158.0 156.¢C 0.363FL CC T —
137.0 154.0 C.30CE CC
TTT122.0 44.C 0.186E 0OC
120,0 138.0 L.2CCE CC
121.0 132.°C D.316E CC
137.0 140.0 0.257E-C1
) 150.0 147.0 0.2C6E=-C1
168,0 152.0 0.245€6-01
188.0 155.C 0.372E-C1
178.0 162.0 GCet41E=-C1
156.0 162, ! Ce263E-01
134.0 156.0 0e316E-01
120.0 146.07 ! C.12CE-C1
114.0 135.C | U.8G1E=-02
111.0 I19.0 C.24CE-CI
126.0 128.0C 0.122E-01
134.0 138.0 0.331E-01
153.0 142.0 0.513€-02
172.¢C 148.C C.269E-02
190.C 153.0 0.33G6E-C2
- 199.¢C 156.0 0.621€-02
174.0 165.C ¢ 0.141€-02
150.C  165.C ' 0.182E-02
128.0 158.0 0.437E-02
114,° 149.0 0.550E-C2
110.0 13049 C.219E-02
1C5.0 125.9) C.ST7E-C?
106.0 114.0 | Ce214E-02
1G€.C 98.C C.21€E-C2
118.0 117.6 C.479E=-01
122.0 118.0 | C.17€E-C2
134.0 130.0 | CoT41E-C2
T 230.9  148.C C.450E-01
234.0 149.,0 | Ce525E-01
216.0 155.0 C.263E-01
225.0 L4640 Ne26GE-01
23640 138,92 C.70RE=-C2e
237.0  150,0 ! 0.182E-C1
225.0 156.0 0.53GE~-C2
203.0 162.0 | QD 245E-C2
209.0 153.C | C.513E-03
218.0 14440 | Ca275E-C2
225.0 136.0C 0.229E-02
240.0  130.0 C.lC7E-C2
24240 117.0 (0.282€E-03
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FLOW CHART FOR ROUGH SURFACE PROGRAM

BEGIN

READ
IF

®

I=1, 32400

!

COMPUTE
FF(I)

READ
TO(N), PO(N)

!

Cont'd
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Cont'd

'

READ
xo(M), YoO(M)

Y

READ
ZRAA(L), PSIA(L) , UA(L)

CALL

: DBLINT L_

| |
-

COMPUTE

AO, BO

ZRA = ZRAA (KK)
PSI = PSIA (KK)
= UA (KK)

Cont'd
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Cont'd

PHIO,
PHII,
PHI2,

FO, F2,

WRITE
THETAO,
TEHTAL,
THETA2,

DK, DKF2, DBKF2, DBF2

Cont'd
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Cont'd

COMPUTE

:

Y

APHIO = PO(I))
ATHO = TO(1D)

FO e

COMPUTE
THETAO, PHIO

COMPUTE
ATH1, APHI1

COMPUTE
THETAl, PHIl

COMPUTE
ARGI1, ARG2

Cont'd
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Cont'd

SET

PHI2= PI/2

COMPUTE
PHI2

IAR‘GII >0
|ARG2|>0

ARG1) = 10”20
larg2l < 10-20

|ARG1 | <10™20

20

IARG21<10"

GO TO
99

SET

PHI2=0

SET

PHR2= PHI2 + PI

SET
PHR2=PHI2 + 2PI

!

COMPUTE

THETA2

Y

COMPUTE

ATH2, APHI2

Cont'd
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Cont'd

Y

COMPUTE
QX, QY, QZ

|Qz | <10‘20

GO TO

COMPUTE

ALPHA, BETA, ALPHA2, BETA2,
GAMMA1, GAMMA2, BGl, BG2,

DELTA, DELTA2, EPSI1, EPSI2, TAU

GO TO

COMPUTE
F3, F1

!

COMPUTE

W

COMPUTE
F2

130

Cont'd




Con't

F

COMPUTE
DBF2

'

COMPUTE
DK1, DK2, DK3

COS(THETA2)< 10~2°

COMPUTE
DK4, DK5, DK6, DK7

Cont'd

131

GO TO




Cont'd

COMPUTE
DK

'

COMPUTE
DK; F2

GO TO

COMPUTE
DBKF2

¢

WRITE
APHIO; ATHO; APHII, ATHI,
APHI2, ATH2,

FO, F2, DK, DKF2, DBKF2, DBF

132

END




REFERENCES
Aksenov, V.I. (1958), ""The Scattering of Electromagnetic Waves by Sinusoidal
and Trochoidal Surfaces with Finite Conductivity, "' Radioteknika i
Elektronika, 4, 459-466.

Beckmann, P. and A. Spizzichino (1963), ""The Scattering of Electromagnetic
Waves from Rough Surfaces, ' The MacMillan Co., New York.

Chu, C.M. et al (1968), "Doppler Radiation Study, ""The University of Michigan
Radiation Laboratory Report 1082-1-F, SECRET. 140 pp.

Hoffman, W. C. (1955), "Scattering of Electromagnetic Waves from a Random
Surface, " J. Appl. Math., XIII, 3, 291-304.

Kinsman, B. (1965), Wind Waves, Prentice-Hall, New York.

Pidgeon, V.W. (1966) "Bistatic Cross Section of the Sea,' IEEE Trans., AP-14,
3, 405,

Senior, T.B.A. and Hunter, I.M. (1966), "Experimental Studies of Sea-Surface
Effects on Low-Angle Radar,' Proc. IEE, 113, 11, November, 1966.

133






UNCLASSIFIED

Security Classification

DOCUMENT CONTROL DATA-R&D

(Security classification of title, body of abstract and indexing annotation must be entered when the ovorall report 15 clasaillied)

1. ORIGINATING ACTIVITY (Corporate author) 20, REPORT SECURITY CLASSIFICATION

The University of Michigan Radiation Laboratory, Dept. of UNCLASSIFIED

Electrical Engineering, 201 Catherine Street, 25, GROUP
Ann Arbor, Michigan.48108

3. REPORT TITLE

Doppler Radiation Study : Phase 1 Report of Contract N62269-68-C~C715

Volume I.

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

Interim Report July 1968 - July 1969

8. AUTHOR(S) (First name, middle initial, last namo)

Chiao-Min Chu, Soon K. Cho and Joseph E. Ferris

6. REPORT DATE 74. TOTAL NO. OF PAGES 7b. NO. OF REFS
December 1969 133 7
8a. CONTRACT OR GRANT NO. 94. ORIGINATOR'S REPORT NUMBE R(S)
N62269-68-C-0715
b. PROJECT NO. 1969-1-F, Volume I
c. 9b. OTHER REPORT NOI(S) (Any other numbers thot may be assigned
this report)
d.

10. oisTRiBuTioN sTaTEMENT L ranSmittal outside agencies ol U, »,Government must have prior
approval of NAVAIRDEVCEN or NAVAIRSYSCOM

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Naval Air Development Center
Johnsville, Warminster, PA. 18974

13. ABSTRACT
The radiation characteristics of a doppler velocity sensor radar have been studied.

A theoretical investigation has been made of the reflection of the electromagnetic radiation
from an anisotropic Gaussian surface. In particular, from the known angular spectrum of
ocean surfaces, the bistatic scattering cross section is derived for an open developed sea.
The results thus obtained are then applied to the study of the reflected radiation from the
doppler sensor equipment on an airplane. Computer programs are set up to calculate the
directional distribution of the reflected radiation for a transmitting antenna of given radiation
pattern. Computed results for the AN/APN-153 antenna, showing the spatial and temporal
variations of the reflected radiation, are given for a wide range of relative positions of the
transmitter and receiver for a few different wind speeds. Finally, the reflected radiation
from an anisotropic ocean surface of Gaussian distribution is compared with models of
specularly and diffusely reflecting surfaces.

' |
DD f2™*.1473 UNCLASSIFIED

Security Classitication




UNCLASSIFIED

Security Classificution

e KEY WORDS Ltk A LINk D LINK C
ROLE wTY ROLE wT HOLE wT
Doppler Radar
Velocity Radar
Detectability
Radiation Characteristics
Specular Scatter
Diffuse Scatter
j
UNCIASSIFIED

Security Classification






IIIIIIIIIIIIIIIIIII

MR b

3 9015 02827 4663

AN
THE UNIVERSITY OF MICHIG

DDDDDDD




DISTRIBUTION LIST: Air Task No. A3605337/202B/F08-232-602
Work Unit A53373A-3

' NAVAIRSYSCOM, AIR-604

(2 for retention)

(1 for AIR-533)

(1 for AIR-5337)

(1 for AIR-360E) 5 cys

DDC ' 20 cys

NAVAIRDEVCEN, Johnsville, Warminster, Pa
(3 for ADL)
(6 for AMD)
(3 for AMX)
(1 for AMXI)
(2 for AMXA) 15 cys






