AD=AO81 122

UNCLASSIFIED

OHIO STATE, UNIV COLUMBUS ELECTROSCIENCE LAB

V 77 D J RYAN
ESL-(7B)BIZB-2

F/8 17/9
A PHYSICAL OPTICS APPROACH TO THE ELECTROMASNETIC FIELD SCATTER==£TC(U)

N60530=76=C=0186
N




e oty nwlm-ﬂ-ﬂmfm

ey Lt

e N

PHOTOGRAPH THIS SHEET
G\ ( jI
N ‘E LEVEL
v .
‘_‘ ; INVENTORY
i |2
o0 |7 ESL (78)#428-2
() § DOCUMENT IDENTIFICATION .
e g Covitemct No. NG0530-76-C-0/86, Did. Nov. 1977
a |
=L DISTRIBUTION STATEMENT A
Approved for public release;
Distribution Unlimited
DISTRIBUTION STATEMENT
ACCESSION FOR
NTIS GRA&I
S DTIC
UNANNOUNCED O ELECTE
JUSTIFICATION 1980
Pex L om Cile FEB 27
v D
DISTRIBUTION /
AVAILABILITY CODES
DIST AVAIL AND/OR SPECIAL DATE ACCESSIONED
DISTRIBUTION STAMP
DATE RECEIVED IN DTIC

PHOTOGRAPH THIS SHEET AND RETURN TO DTIC-DDA-2

ST p gy E e

FORM

DTIC gore 70A

FPTVINEN DE N

DOCUMENT PROCESSING SHEET

A S FDIPTPRN TN

P e A WG W

TS

sy A T R T >




O A

T TS Ty vy T |




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Dete Frtered)

REP ~ READ INSTRUC TTORS
ORT DOCUMENTATION PAGE HEFORE COMPLETING FORM

REPORY NUMBER 2 GOVY ACCESSION NO| ¥ RECIPIENT'S CAY ALOG NUMBER

————msend

4 TITLE (and Subtitle) $ YvPE OF REPORT & PF ll\‘;-f-évtﬂtﬂ

A PHYSICAL OPTICS APPROACH TO THE ELECTRO- Technical
MAGNETIC FIELD SCATTERED BY SIMPLIFIED

6 PERFDR 3 5 POR TS
SHIP-SEA MODELS £St 7§Ya%§§<:2nt ORT NUMBER
7. AUTHOR(®) ) 8 CONTRACY OR GRANY NUMBERTe)

Daniel J. Ryan N6N530-76-C-0186

9 PERFORMING ORGANIZATION NAME AND ADDRFESS ‘0 PROGRAM ELEMENT, PROJECT TaSK
The Ohio State University ElectroScience AREA & WORK UNIT NUMBE RS
Laboratory, Department of Electrical Engineering Project 3310-0421-76
Columbus, Ohio 43212
1. CONTROLLING OFFICE NAME AND ADDRESS 12 REPORY DATE
Department of the Navy, Supply Officer, Code 2524 | November 1977
Naval Weapons Center TV NUWGER OF FAGES
China Lake, California 83555 63

4 MONITORING AGENCY NAME & ADDRESS(It diftarent trom Contralling Otfrce) 18 SECURITY CL ASS. (of thie report)

Unclassified

R e Xy ey =

|8 TBECL ASUIFICATION DOWNGRADING ]
SCHEDULE AWNSRADING

16. DISTRIBUTION STATEMENT (of thia Report)

DISTRIBUTION STATEMENT A

Approved for public release;
Distribution Unlimited

ey

17 OISTRIBUTION STATEMENT (of the abatract enterad In Rlock 20, If dilerent trom Repoet)

'8 SUPPLEMENTARY NOTES

I M 1 oAl 8 S 3 Sl

————— e —d

19 KEY WORDS (Continue .n reverse aide if necessary and {dentity by block number)

g

Composite model Backscattered field Geometrical Theory
Physical optics Gravity waves of Diffraction
One-dimensional model Capillary waves

Ship-sea corner Cylindrical surface

g

20 ABSTRACTY (Continue on reverse _._:]:.'T:T'é:..'.'r‘- .n:l.ld'ntlh l;\'—‘bluq K numbery

I
I
I
|
i
i
I
1
l
l
l
]
it
L
{
I

A technique is presented to calculate the backscattered field from a
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composite surface, and the ship by a flat plate. The physical optics
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as a single integral over the profile of the surface. Four principle
scattering mechanisms of the model were examined independently to show
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CHAPTER 1
INTRODUCTION

In past years, research has provided a great deal of information
about the mechanics of scattering of an electromagnetic field from
the sea surface. Much of this work has been motivated by the problem
of detection of ships at sea. This report uses a simplified ship-sea
model to obtain some insight into the interaction between the sea and
a ship when they are illuminated with a radar signal.

The simplified sea model used in this report is a one-dimensional
composite model developed during a previous study [1,2], in which the
method of moments and physical optics were used to calculate the
scattering from the surface.

This report expands on this previous work by adding a metal flap
to represent a simplified model for the ship. Since this combined
ship-sea model is too large for the method of moments approach, this
report further develops the physical optics approach to study the
scattered fields. The first section describes the surface and sets
up the geometry of the model. Then a general equation for bistatic
scattering from the composite surface is developed. The subsequent
sections treat in detail the principal scattering mechanisms,
namely; scattering directly back from the composite surface; scat-
tering from the surface-flap corner; and scattering from the edge of
the flap. In this report, only horizontal polarization is considered.
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CHAPTER 11
COMPOSTTE SEA SURFACE - SHIP MODE

The purpose of this section 1s to describe a simplified one-
dimensional model for a ship on the ocean.  The ocean s represented
bv a composite surface made of aluminum rooting. A larage scale
sinusoid is used to model the gravity waves, and small trapesords
superimposed on the sinusoid are used to model the capillary waves.
The ship is madeled by a flat metal plate placed at one end ot the
model sea surtace, (see Figure 1-1Y,

FLAT PLATE
GRAVITY CAPILLARY /

WAVE WAVES 7

Figure 1-1. Composite <ea <urtace-ship model.

For the actual surtace, desianed to simulate the sea surtace at
S-band. the sinusotdal gravity waves have a peak-to-peak height ot
3. in., and A mechanical wavelenath of 3.1t This provides a mean
square stope of about 107, representing a relatively calm sea (Hiagure
1-2Y. The modeled capillary waves are double trapezoids each one
3 em long and separated by 1 em (see Figure 1-3Y, recurring every
20 em oalong the sinusoids.  This composite surface model can be vasily
represented mathematically, facilitating the theoretical analysis of
the scattered fields.
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Fiqure 1-3. Geometry of double trapezoid capillary wave profile.

At one end of the surface model is an eiuht foot high metal plate
representing the ship.  This metal plate makes an angle with the
surface such that a corner, not necessarily right-analed, is formed.
The major contribution to the backscattering from such a configuration
is the double-bounce reflection from this corner. For an actua)
ship at sea, there are a multitude of double and triple bounce
corners on the structure of the ship itselt. tven so. the larqest
single contribution to the return signature will probably still be
the corner where the ship meets the sea surface.

The ship-sea model described heore has four principal mechanisms
whi-h give significant contributions to the backscattered field.
These are the backscatter ftrom gravity waves, backscatter tfrom the
trapezoids, backscatter from the ship-sea double bounce region, and
the diffracted field from the plate cdge. Hirst we shall consider the
general physical optics formulation for this one-dimensional geometry,
and then investigate the scattering from each of the four mechanisms.
The calculated scattered fields will be compared with the experimental
results obtained at the Encounter Simulation Laboratorv. where the
ship-sea model shown in Figure 1-1 was constructed.

e e
= RN . .




CHAPTER 111 X
PHYSICAL OPTICS EXPRESSION FOR SCATTERING
FROM A CYL INDRICAL SURFACE 3

The first step in obtaining the scattered fields is to calculate
the scattering from an arbitrary cylindrical surface. The approach :
taken here is to use the physical optics currents generaied by the

incident field and then find the far field radiated byv these current
generators.

The general equations for the physical optics currents, given
the incident field, were sunmariced in Reference [1]. The scattered
Slectric field, dES, at a point in the far-field of a current element
S is given by
. ’ijﬁ
i A€ = jkZ_ S~ (J_ x rl) x r! ds (1)
o 4~ n n

where ré is the unit vector describing the direction for R', the
distance from the surface element ds to the field point, k is the wave
number and Z, = 120~ ohms. The surface current JS. in the phyvsical
optics approximation, is

PR T

- JS = 2n x Hi ()

where n is the normal to the surface element ds (see Fiqure 3-1) and
is given by

n=-sins y + Ccoss 2. (3)

(V5]

The angle between the normal n and the vertical is defined to he ».
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Figure 3-1. Geometry of the normal to the surface. !
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The magnetic field ﬁi incident upon the surface can be written as
-ijn

1/2 e

28, S (4)

-
H; =
n

Io (fvfh)

where I, is a nominal current strength, and fy,fy are antenna pattern
factors, to be discussed later. For an antenna of maximum gain, GT,
which radiates power PT

1, - (PTGT/4nZO)]/2 . (5)

The polarization state of the transmitted field is characterized by a
polarization factor Pn. For horizontal (perpendicular) polarization
the electric field Ey, in the aperture, is in the x, direction

(see Fiqure 3-2). For the geometry of the sea-ship model, the unit
vector xo is parallel to the coordinate unit vector x. The polari-
zation factor can be expressed as

>

X Xr

ﬁh = - Ao A_n—_ . (6)
|y x r, |
Zq z
A ? 4
lo [+
r
-l oy n
E° R ~
Ph
>y

b3

Figure 3-2. Polarization state for the transmitted field.
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The one way antenna power pattern, F(:,n). is assumed to be a product
pattern with one principal plane in the x-y plane (pattern anale ») and
the other principal plane containing the 2 axis (pattern anqle )

(see Figure 3-3), so that F(:.,n) can be written as

f(i,n) = fv(i)fh(n) . (7)

By assuming that fj(n) is Gaussian, it will later be possihle to
reduce the two dimensional surface intearation to a one dimensional
integration.
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Figure 3-3. Transmitter and receiver coordinate anqles.
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Combining Equations (2) and (4) gives an expression for the
physical optics currents.

: -ijn
> _ . /2 q ° >
JS =2 I0 f(5,n) Tgr—-(n X m

) (8)

N

Substituting the equations for n (Equation (3)) and 6n (Equation (6))
into Equation (8) gives

. 172 e'ijn . -(x x r)
JS = 2[0 f(&,n) R (-sind y + cosd z) x ————c—-

n |x x rnl

(9)
From Figure 3-4 we have that
-1 . N . n
ry = Rn (Ror‘0 + yy + hz + xx) (10)
where

;o = sind 9 - cos8 ;

Substituting Equation (10) back into the equation for the physical
optics current (Equation (9)) and simplifying, we obtain

1/2 e'JkRn (Rocos(e-®) + ysind - hcos¢)

Jg = 21, flen) ¢ S

X .
n [(Rocost)-h)2 + (Rosin8+Y)2]]/2

()

For the antenna polarization chosen here, the physical optics currents
are in the x-axis direction.

Using the expression (11) for 55, in Equation (1), and expanding
the triple cross product

re e e soma——




. . . 2 . .
' L ).(.._. e - &.. -R! N - i-_. -R'cin:
(x xr') xr' = (_R.Z 1) X + R‘2 {y Rocost)y R'2 {(h Ros1nu)z
n n

(12)

where the unit vector ré js defined in Fiqure 3-4,

1

rn = ET [(y-RocosB)y + (h-Rés1nH)z + XX) (13)
n
we obtain
e Ak, 1/2 oK R * Ry)
d S = in IO f(&an) RnR"] (]4)

(Rocos(e-¢) + y sing-h cos¢)
1/2

[(h-Rocose)2 + (Rosino-y)z]

) ) A \
(.;T? - 1) X + §|—2- (y-RjcosB)y - ;—._2 (h-Rising)z
n n n

*

d d
* XY
cosd

So far, only the transmitting antenna pattern has been accounted
for. The receiver, at the point where the field is being measured,
must also have a power pattern and a polarization direction. We shall
assume in this case that the receiving antenna has the same pattern
as the transmitting antenna. Also, to find the horizontally polarized
component of the scattered field, we assume that the receiving antenna
polarization is in the x-direction. Equation (14) can be changed to
take into account the receiving antenna by multiplying by the one way
power pattern, given by (see Figure 3-3)




Figure 3-4. Incident and reflected ray qeometry.

flet )2 = 6 (V2 (02 (15)

and by taking the dot product with the receiver polarization

Furthermore, if the maximum receiving aperture of the antenna is
given by Ae, the receiver voltage, i.e., the voltage at the receiver
due to the scattered field from ds, is found to be

-jk(R_ + Rﬁ)

23V n
v, = 2 fleaVf )P e e (16)
n n
(_2 ,) (Rycos(v-e) *+ ysing-hcoss) d,d,
Yy
Ré‘ [(h-R0C050)2 + (y+Rosino)2]]/2 cos¢

10
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where

= 2,1/2
Vo © Zolo(Aek )

Equation (16) gives an expression for the horizontally polarized
component of the electric field at a point, scattered from an
incremental area of the total surface. To obtain the total field at
any point, a double integration over the entire surface is required.

Assuming that both the receiver and the transmitter have a
Gaussian product pattern, then

-1 A tan2n 21 B tanz:'.

f(f.,n)]/2 e 2 e ?

2 2

n' - ]?B tan-¢ '
e

1
- » A tan
o Z (17)

f({.' ' )]/2 =

where A and B are beamwidth parameters. The angles :,n,7' and n'

(shown in Figure 3-3) can be expressed analytically in terms of dot
products.

;o= N " ‘a . Yy cosy + hsim
rans r o R, +y sino - h cosu (18)
n" o
r.oo.ox
n X
= = - : ]
tann ; r R0 +y siny - h cosu (19)
n o
g . _
n a COSR - y sing
tans' = @4 - NCOSR -y sinw
r . R6 - y coss - h sing (20)
n 0

N

g

Y
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o X ,

L . = - e A e e e e "
}. ;. Ré - ¥y cost - h sing (21)
n 0

Substituting these angle definitions back into Equation (16) gives
the following expression for the received voltage.

4u U

23V, J J (R cos(0-¢)+ysin~-hcos¢)

v X cos$[ (h-R cosO) +(y+R s1no)

+ vl—ﬁ - B(yc050+hsinu)2/R 2 —v(hcow-ysinﬁ)z/R'2
.2 ? 2 2 T 2
2 e

R0 +y sino - h cosu
Ré Ré - y cosk - h sing

Because of the choice of the two principal planes defining the power
patterns, we are able to separate the x and y integrations. By
integrating from minus infinity to infinity in the x direction, we can

integrate analytically the x dependent part of the double integral so
that

23V, (R cos(o-¢) + ysing- hcosw)
= .T._" J X

: (23)
y B cosw[(h-Rocoso)‘F + (y+R 51nn) ] 172

-%(ycosu+hsinn)2/R2‘ -g(hCOSH—ysinﬁ)legz
e

e “ dy
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where

. _A _.]v + _.]_ x2
8 2 e-Jk(Rn+Rn) 2 R22 ;?
XC I 1) S ww e ) dx
= 7 Rﬁ nn
and
2 ., 2 2
Rn = R] + X
(24)
|2 - ]
Rn = R]Z + x2
with
2 _ 2 .2
R] = (h - Rocoso) + (y + ROSINO)
(25)

2

el
i

_ . 2 .
i (h - Ros1nﬁ) + (y - Rocosﬁ)

Using the Fresnel approximation in expanding the exponential phase
terms

2
. X
_J-kRn _Jk(R]2+x2)]/2 ’ ‘Jk(R]+ —2—3-2-]—' )
e = e = e (26)
2
: ' X
_ija -jk(Ri2+X2)]/2 N ‘Jk(R]+ 7ET )
e = e e
and approximating the denomigator terms as
X
T 2
1 1 ve R
Rn (R]2¥x2)1/2 R]
_ 32
2
LI | Y€ ZR] (27)
Rn3 (Ri2+x2)3/2 R].3

13

3
N

i
i
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the evaluation of the X integral in Equation (23) gives

— 'J‘\(R]+R]')
- RZRé Jon e
X~ NI 2.7 .2 K I RER e .2’"‘.L P22 0/2
= [ARJR; TRy “HARI R R2+JkR]R] R5RS +JkR]R] SR37HR} TRGRST+IRYRGRS ]
(28)

Further evaluation of the integral, Equation (23), would require a
computer. Notice also that if Equation (23) is evaluated by computer,
any desired vertical plane antenna patterns. f () and fy(:), may be
used in place of the qaussian patterns of Equation (17).
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CHAPTER 1V
BACKSCATTER FROM A MODEL SEA SURFACE

As pointed out in Section 11, there are four principal mechanisms
contributing to the total field scattered by the simplified ship-sea
model. We consider first the backscatter from the large-scale
(gravity) waves.

A. Geometry of the Wave Models

To calculate this direct backscatter from the gravity waves, we
first define the surface. The gravity wave model lies in the x-yg
plane. The surface height is a function of Y only, so that

= * o
h(ys) H . + Hei s1n(w“

*
el Yo t Phase) (29)

N

and the surface is uniform in the x direction. The constant Hgj is
the peak amplitude of the sinusoid, wy = %ﬁ is the mechanical wave-
|

number of the surface. The surface itself is 40 feet in length, with
\m = 4.1 feet and Hgj = 1.75 inches. In implementing the compu-
tations of the scattered field, the surface is assumed to occupy the
range -40<ys<0 with the flat plate position at ys=0.

The capillary waves, modeled by small trapezoids, are superim-
posed on the surface of the gravity waves. Each trapezoid is made
up of plane segments as shown in Figure 2-3. The upper three seq-
ments represent the actual surface. The other two segments are
straight line approximations to the original sinusoid.

The scattering from such a composite surface could be computed
from Equation (23) since the profile h(yg) of the surface is known.
However, in order to simplify subsequent calculations, the three
upper segments of each trapezoid are considered to be individual
scatterers. That is, instead of integrating over the surface of the
trapezoid, we consider the current density, Js, concentrated at the
center of each of the segments. These current densities are then
used to determine the field scattered from the segments. If any
trapezoids are positioned such that a face is in the shadow region of
the incident field, then the current density on that segment is taken
to be zero. In addition, since the field scattered from the sinusoidal
component alone (i.e., no trapezoids) is computed first, in order to
illustrate the effect of the gravity waves, the total field may be
found by adding the field scattered by the trapezoids to this gravity

15
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wave field. Thus the fields scattered by the two lower segments of the
individual trapezoid must be subtracted from the total field to account
for the fact that the interval of the sinusoidal profile, h(yg),
occupied by the trapezoid has already been computed in the gravity wave
program.

B. Discussion of Computer Code for Backscatter
from the Sinusoidal Surface {Gravity Waves)

Since the profile of the surface is known, the voltage at the
receiver due to the field scattered from the model surface is found
by a numerical integration of Equation (23). The Equation then takes
the form

Y
v = -3V, §2 RoRRs
Toan yey R
Y

(coso+sinOtan¢+y/Rotan®-h(ys)/Ro) (30)

Lz -3KR#RI) -5 (tan‘ietan’e’)
*g e e Ay

V2 252, 5 12p2p12
+ R2+JkR]R] R2R2

2 2 2

2 W2
R AR]R +JkR R]R R +R] R2 2 +3R

1 1 1

The variables in Equation (30) are shown in Figure 4-1, and are defined
as follows.

The boresight distance, Ry, is the distance from the radar to
the y-axis, measured along the radar axis. R0 is given by

Ro = z2z/sin(x/2 - 9)

where 2z is the perpendicular he1ght of the radar above the y-axis.
The return boresight distance R; is equal to Ry since the radar is
monostatic. The incremental va?ue. \y, is the width (measured hori-
zontally) of the portion of the surface contributing to the sum in
Equation (30). There is just one physical optics current element per
increment. In the program of the Appendix, y is taken to be 0.01.

By taking the origin of the x,y,z coordinate system to be at the
intersection of the boresight with the y-axis, the distance between
the radar and the surface point at Ay, R], can be written as

|L
RGR,"

Y et S B s S s wan
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)2+ (h(yy) - Ry cosn)’?

x
[}

(y + Ro sino

(v - y)° + (hlyg) = h )"

where ¢ is the angle between the vertical (z) axis and the boresight,
and

= - R ino
y OSH

h =2z = R_cose
o €0

The return distance between the radar and Ay is Ri and is equal to
Ry for direct backscatter. The quantity R2 is the projection of R]
onto Ro and is defined as

R, = Ry +y sina - h(ys) cose . (32)
Ré is the projection of Ri onto Ré and is given by
Ry = Ry -y coss - h(ys) sing (33)

where the angle r is measured between the horizontal (y) axis and
the return boresight. The quantities R, and R; are also equal for a
monostatic radar. - <

The portion of the surface contributing to the sum is defined by
the limits y=Yg71 and y=Yg2. These limits are determined by the angles
at which the incident field is 20 dB down from the boresight level.
Since we have defined the point y=0 to be at the intersection of the
boresight with the y-axis, the value of Yg) will be negative and Yg?
positive. The surface profile function h(ys) is always evaluated
with respect to the origin of the x,y<,z coordinate system, that is
¥s=0 at the end of the surface model ?see Figure 4-2). We then have
for the limits of integration

18
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Figure 4-2. Geometry defining the Timits of integration.

Ys] =Yy * ho . tan (6-1.3 * e3dB)

(34)

Y.,=y +h_ . tan (e+1.3 * 93dB)

s2 0 o

where 634p is the 3dB beamwidth in degrees, which for our gaussian
pattern ﬁas been taken to be 15°.

The specified section of the computer code in the Appendix
utilizes Equation (30) with h(ys) defined by Equation (29) to calcu-
late the receiver voltage due to the backscattered field from the
sinusoidal surface model, as the radar moves from the end of the
surface at yg=-40 to the flat plate at yg=0. This portion of the code
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requires input values of; the height, D1 in feet, of the radar above
‘ the y axis at yq=0, the look angle, «, of the radar as measured from
! the trajectory to boresight in degrees, and the dive anqgle, ¢, of the
radar in degrees from the horizontal. The output is the voltage at
the receiver (complex valued) in units of volts (see Figure 4-3).

RasEcTon,

ys=0
Figure 4-3. Geometry of input variables.

C. Discussion of Computer Code for Backscatter
from Trapezoids (Capillary Waves)

The most direct way to include the physical optics scatter from
the trapezoids would be to superimpose their profile on the profile
given by h(yg) for the gravity waves, and apply Equation (30). How-
ever, it is possible to generate a set of equations that adequately
describe the scattering from a single, arbitrarily placed trapezoid,
so that one set of equations could be used in a computer code to
calculate the backscatter from all of the trapezoids.
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The field scattered from an arbitrary trapezoid is found by
considering each segment of the trapezoid separately. The field contri-
butions from the three upper segments are added together. Because the
field from the entire sinusoidal surface has already been calculated,
the scattering from those portions which are now covered must be
subtracted from the total field. For this reason the field contribution
from the bottom two segments is subtracted from the fieid ~f the upper
three segments. The net field contribution from the five segments s
added to the field scattered from the gravity wave. This process is
repeated for each trapezoid on the surface. When the radar is moved
to a new position a new value for the received complex voltage is
calculated. In this manner, a backscattering sianature for the model
sea surface is obtained for the specified radar trajectory.

To find the net backscattered field due to a trapezoid, we con-
sider first the field scattered from one side of the trapezoid by
using a simplified form of Equation (23). Because each side of the
trapezoid profile is only a small fraction of a wavelength lona, we
can further simplify the calculation of the scattered field by
considering the entire physical optics current to be concentrated in
the center of the segment. Thus, no integration in the y-direction
along the segment is needed. Instead we simply multiply by the
effective width of the segment. Also, since we are dealing with a
monostatic radar, the transmitted and received distances are equal,
eliminating the primes on variables which denote the scattered
distances, and doubling the transmitted distances. Equation (23) can
now be written in a form suitable for calculations of the field
scattered from the trapezoids.

L{n)sino(n) (y+Rosin0) + cosa{n) (h—Rocosn)

V.(n) = - —- wmmeme s = dwy(n)
r 2 COSa(n)[(h-Rocoso)2 + (y+Rosinn)]]/“

-B(ycoso+hsino)2/R22
* e
2 A .k 2
“jokR, Azt o2 tIRD X
o 1 R] R2 1
* ~_._~._.2 e dX (35)
-« R

where n=1,...,5 depending on which segment of the trapezoid is being
considered (see Figure 4-4); L(n) is either +1 or -1, depending on
the normals n,
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h(ys)

Figure 4-4. Profile of trapezoid showing normals.

ﬁi = L{n) sino(n) } + coso(n) z (36)
L(n) = -1 for n = 1,2,4,5
L{n) = +1 for n = 3

The parameter o(n) is also a function of the segments of the trapezoid.

U(]) = pty

0(2) = v

o(3) = p-¢ (37)
\1(4) =

0(5) = ¢
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Here, + is the anale describing the slope of the surface h(yg) at the
midpoint of the trapezoid, and » is the angle that defines the <lope of
the sides of the trapezoid (see bigure 4-4). Since o detines the
slope of the i-th segment of the trapezoid, the width of the i-th
segment projected alonyg the y-axis will be a function of oy, so that

dwy(1) - 0.048.cos(n+ )

dwy () = 0.415-¢cos(: )

dwy(3) - 0.048.cos(- ) (38)
dwy(4) - 005 .¢cos(y )

dwy(5) = 0.052.cos(+)

By carrying out the integration over x in Fguation (35%) and
summing over the five faces of the trapezoid, an equation for the
received voltage contributed from a trapezoid centered at position y
can be written

Jv fy L{n)sino(n)(y+R _sina)+cose(n)(h-R _cose)
v -0 Voo(t) N\ o L0

A i, . - . 2 AR Vs
noon=l LOSU(H)[(h-ROLOSO) 4(y0R051no) ]

-2ij] -B{ycosothsine)' /R,
a dwy(n) e e . _ (v) (39)

Yo 0 AR 172
R, (-/R] tA/RL Jk/R,)

where the choice of sign (f) is such that the top seaqments (n=1,0.,3)
are (+) and the bottom two segments (n-4.5) are (-). In this equation
y is defined to be the position of the mid-point of the traperoid on
the surface h(y¢). A1l other terms arve as defined for the gravity
wave calculations.

The portion of the computer code that calculates the field
scattered from the trapezoids is a subroutine in the qravity wave code.
This subroutine requires the position of the radar, and returns the
valtage at the veceiver due to the field scattered from the trapezoid
superimposed on h(yg). This complex voltage is added to the voltage
due to scattering from the gravity waves so that the program gives,
at cach position of the radar, the receiver voltage due to the field
scattered from the composite surtace model. The following section
gives the results of some typical calculations,




D. Results for Backscatter from Surtace Model

The signature for the sea-surface model, (i.e., the receiver
voltage as a function of the distance YY) as calculated using the
physical optics current approximation, is shown in Fiqure 4-5 for two
difterent traiectorv geometries. Two signatures are shown for each
configuration, one modeling the sea as a gravity wave alone (i.e., as
h(ys)) and the other as the composite surface including the trapezoidal
capillary waves. 1o all signatures, the magnitude of the receiver
voltage is in dB below reference voltage Vg, which has been taken to
be unity. A1l <ignatures arve plotted so that they are normalized to
the highest value in the signature,

Note that the radar system used to obtain the measured signatuvres
includes a rvange gate (short or long) to eliminate wall reflections.
The effect of this range gate has been included in the calculated
signatures by inserting a qating function C(Ry.1) in, e.q. Fquations
(30) and (39). The argument 1 in C(Ry.1) denotes that the short range
qate was used.

Figure 4-5% shows clearly the effects of the perviodicity of the
sinusoidal surface model. When the contribution of the traperoids
is added in, the signatures take on a more random appearvance, but the
underiving periodicity is still noticeable (Fiaure 4-5b). The lobe
at the end of the signatures of Figure 4-ha is the result of termmin-
ating the surface at y§=0.




N b T S i N A 0 T

e . e s
3.0 % atew f, tzLl sy 2Z,LELLLLET L,

oSl = \’ !ﬂ.mml
oOE=1D

.\'-‘




"92844NS 33150dw0d WOJ; J333BIS4Ieq 40y SBUNYRUBLS  ‘qg-p Bunbiy




ST I PRI M

-

PUp U PUN) PEN PEN Py e Pt et et G QNN G P P Pueed  puead  Gunq  OEN

CHAPTER V
DOUBLE-BOUNCE SCATTER FROM A SHIP MODEL

A. Geometry of the Ship Model

The next scattering mechanism to be considered is the double-bounce
corner formed by the intersection of the ship and the sea surface. In
the Encounter Simulation Laboratory experiment [3], the ship is
modeled by the 8' high plate. To simulate different roll angles for
the ship the plate angle i can be varied. The radar approaches in the
yz plane from the negative y direction along a trajectory defined by
the dive angle y (see Figure 5-1).
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Figure 5-1. Geometry for double-bounce scatter.
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B. Simplifications to Model

There are, in fact, two double-bounce paths, one in the direction
transmitter-sea surface-plate-receiver and the other in the direction
transmitter-plate-sea surface-receiver. In both cases the scatter from
the sea surface is in the forward direction. Because the dominant
scattering effect from the sea surface is the forward scatter from the
large scale structure, h(y.), we can neglect the effects of the
capillary waves in calcula%ing the double-bounce effect. This will
greatly simplifv the field calculations and the computer code.

Even after neglecting the capillary waves, a direct calculation
of the scattered fields would take an unreasonable amount of com-
puter time. Instead we may take advantage of certain symmetries of
the problem to further simplify the calculations.

For any configuration of the sea-plate-transceiver positions, the
geometry can be made symmetric about the flat plate by using image
theory. That is, since the plate is an ideal reflector, we may image
the surface and transceiver. By appropriately defining the limits of
integration, we can then effectively remove the plate (see Figure 5-2).
This can be done, of course, only if the sea surface behind the plate
can be neglected. For the study of the double-bounce scatter this is
indeed the case. Reflection off the plate is taken into account by
multiplying the field passing through the plane of the plate by a
minus sign (for horizontal polarization).

Another simplification is that the two ray paths from transmitter
to receiver through any point C on the plate are of equal length.
Therefore, by reciprocity, we may calculate the field due to a first
reflection off the sea, and multiply it by two to account for the
ray hitting the plate first. The resulting confiauration is shown
in Figure 5-3.

Thus, by image theory and reciprocity, the problem has been
reduced to a simple application of the equation derived in Section
[Il for bistatic scattering. For a horizontally polarized field

ZjV0 RZRé
Vr = - —;;~ [ ~§Yf (R0c050+Ros1notan¢+ytan¢—h(ys))
- Y

2172 -Jk(Ry+R)) - % (tan2L+tan2a')
Y9 e e dy (40)
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where

5 a0 5« 2 o 3 o) a :
£y Ry “HARTRI ZRGHRI PROR, T+ 3RTRIRS Z4 JKRSRS(RIRS R R )

9=AR R} "Ry "+AR R, | 1RVRIRy

and h(yg) is the sinusoid defined by Equation (29). The appropriate
Timits of integration will be discussed in the next section.

C. Discussion of Computer Code for
Double-bounce Scatter

The field which is reflected back to the radar by the presence
of the plate can be calculated by a numerical integration of Equation
(40). By reducing the integral to a finite summation over small
increments, \y, we have

23V, Ys2 RRy
Vo= — ¥ Z5°(R cost+R _sinatanatytand-h(y ))
r 20y : R] ] 0 7S
s

. B o) p]
_ -Jk(Ry*#Ry) - 5 (tan“:i+tan”:')
1/2 o 1M o 2 Ay (41}

*g

where g is defined in Equation (40). Unlike the formulation of
Equation (30) for the scattering due to the gravity waves alone, the
primed variables and the unprimed variables are not equal. This is
because of the simplifications introduced by the image theory. Fiqure
5-3 defines the variables for this scattering equation. The terms

Ry and Ry are the distances from the incremental segment, \y, on the
surface A(ys) to the transmitter and receiver, respectively. These
distances are given by

2 2 2
R] = (y-yo) + (h'ho)
)
’ (yytyylsine Y 2
RS = (yy-y + —=%———] + (h(y,) - Rising) (42)
Sin(§ ~2ute)

where the angles g,u,» and the quantities ¥Yi¥o.Yy and hg are as shown
in Figure 5-3. The receiver boresight distance Ré is
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Ro Ro + (yy+yo)51n2h/s1n( [2-2.40) (43)

where Ry is the boresight distance to the transmitter. The antenna
pattern angles : and &' are as defined in Section IlI. The
projections R2 and Ré arc given by

Ry = R, * ysin® - h(ys)cosﬂ

R2 = Ro - (y-2y0 - 2yy) cosu - h(ys) sing . (44)

The Timits of this numerical integration, Yg1 and Yg2 are determined
by the 20 dB points of the antenna pattern, as for the qravity wave
integration, with one additional constraint. The integration must
take into account only those ray paths for which either the trans-
mitted ray or the reflected ray passes through the plate. The limits
of integration must satisfy both conditions simultaneously (see
Figure 5-4).

The calculations of the double-bounce scatter are made in the
subroutine DBS. The subroutine requires as input the position of the

radar, and size and position of the plate. The subroutine returns to
the main program the complex voltage at the receiver due to the
reflections from the ship-sea corner back to the radar. The following

pages show typical signatures of several double-bounce qeometries.

D. Results for Double-bounce Scatter
from the Ship Model

The signatures for the double-bounce scatter contribution, as
calculated using Equation (41), are shown in Figure 5-5 for several
different model geometries. The magnitude of the receiver voltage.
in dB below the reference voltage Vo, is plotted as a function of the
position yy of the radar. As before, a range gate function
C[(R]+Ri)/2,1] must be included in Equation (11).

The effect of the depression angle  can be seen by comparinag the
signatures of Figure 5-5a or 5-5b. Note that for near-qrazing
incidence angles the double-bounce contribution extends over a greater
range. The effect of the dive angle ' can be seen by comparing the
signature with «=60" and 1=5" in Figure 5-5b with the sianature in
Figure 5-5c that has the same « and . A larger dive anqle results in
a signature less extended in range and shifted in position towards yv=0,

32
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Comparing the signatures of Figure 5-5¢ illustrates the effect of the
plate angle u. The radar return becomes stronger over a wider range
for obtuse corner angles (u~0.), and decreases in magnitude with
compressed range for acute corner angles (u>0.).

CANTED
FLAT PLATE

SURFACE OF INTEGRATION

Figure 5-4. Geometry for defining the surface of integration.
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CHAPTER VI
BACKSCATTER FROM THE PLATE [OGE

In the previous section it was found that a significant return
can be expected from the doubie-bounce mechanism. There may also be
a contribution due to diffraction from the edge of the plate. When
an incident or reflected field interacts with the edge of the plate.
there is a field diffracted in all directions. Because of the method
of solving for the double-bounce scattering, the edae-sea surface
interactions have been accounted for. Hence, the only field contri-
bution that has not been considered is that which is diffracted
directly back to the radar. The Geometrical Theory of Diffraction
(GTD) is used to study this contribution.

A. Geometry

The GTD solution requires only a knowledge of the plate and radar
positions: the sea surface does not affect the direct diffraction from
the plate edge. As before, the radar approaches from the neaative
y-direction, with the distance from the radar to the plate edqge defined
as Rg. The geometry of the plate and radar is shown in Figqure 6-1.

B. Equation for Backscatter

Since here we are only concerned with the edage diffraction, the
flat plate can be considered as the limiting case of the wedge, for
which much work has already been done. In reference [4)] an expression
is given for the diffracted field from a wedge. For receiver distances
R from the edge which are approximately equal to the distance R,
of the source from the edge, this diffracted field is given as

RR

i J'k(ra%)

“Jk(RR) RR RR
4o vl e e S a2 e (45)
u (R¢R ) BARFR, ¥ "V o/ T YB\ReR Y TV

where the choice of sign (t) is determined by the polarization of the
field. 7The minus sign applies for an electric field polarized
parallel to the edge, and the plus sign for perpendicular to the edqe.
Vg is the diffraction function and is defined in Reference [4]. The
angles ' and ¢'y are defined in Fiqure 6-1, and are equal for a mono-
static radar. Similarly, the distances R and Ry are equal and are
defined in Figure 6-1 to be the distance Rg. Equation (45) then

simplifies to
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-j2kR_ jkR /2
d _e 9e¢ 9

u = 2Rg [VB(Rg/Z‘ 0.) - VB(Rq/Z, Zwé)] . (46)

Here we have chosen the minus sign since we are dealinqg only with
horizontal polarization.

T
N3

R |

Figure 6-1. Geometry for edge diffraction.

C. Discussion of Edge Diffraction Computer Code

The calculation of the field due to diffraction from the plate
edge from Equation (46) is straight forward. This calculation is made
in subroutine GTDFP. The subroutine uses a computer code already
available at the ElectroScience Laboratory for the computation of the
diffraction function Vg. The inputs required for the subroutine are
the position of the radar, and size and position of the plate. The
subroutine returns the voltage at the receiver due to the diffracted
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field. The calculation is made for each new position of the radar.
Some diffraction signatures are shown in the following section.

D. Results for Edge Diffraction From Plate

The signatures for the field diffracted from the plate edge are
shown in Figure 6-2. The model geometries that are shown for the
diffraction mechanism are some of the same geometries shown for the
double-bounce mechanism, Figure 5-5. Again, the range gate function
C(Rg,l) must be included in Equation (46).

Note that as in the double-bounce backscatter (Fiqure 5-5), the
diffraction signatures extend over a greater range but are smaller in
magnitude for near grazing incidence angles. Tilting the plate results
in a shift of the position of the maximum return. Increasing the dive
angle also results in a signature extended over a greater range.
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CHAPTER VII
COMPLETE MODEL FOR SHIP-SEA SCATTERING

The previous sections illustrated the four principal mechanisms
for backscattering. Each mechanism was considered independently of
the others to show how each contributed to the total ship-sea back-
scattering problem. Since we are measuring the voltage at the
receiver, superposition allows us to sum the voltages due to each of
the independent scattering mechanisms. The result is the measured

receiver voltage due to scattering from the complete ship-sea model
(Figure 1-1).

A. Comparison with Measured Results

Figure 7-1 shows the comparison between a signature calculated
by superposition, and the signature for the corresponding geometry as
measured at the Encounter Simulation Laboratory. A check of the
accuracy of the absolute level of the calculated receiver voltage
can be obtained by using the return from a calibration sphere as a
reference. The sphere return was calculated using the radar range
Equation [5] for a 14" diameter sphere placed 18'7" from the trajectory
of the radar. From Figure 7-1 it is clearly seen that the calculated
and measured magnitudes of the scattering signatures are at the same
level relative to the calibration sphere return. In all of the
signatuyres in Figure 7-2, the level of the experimental signature
relative to the calculated signature was determined by super-
imposing the calculated and measured sphere responses. The measured
signatures are also identified by the experimental run number [3].

Figure 7-2 shows the comparison between the complete model
signatures and the experimental data for a variety of model geometries.
In all signatures the short range gate was used. Note that in most
of the signatures the double-bounce contribution is easily identifiable
as a change in the magnitude of the signature. In the geometries of
Figures 7-2a through 7-2c, the contribution from edge diffraction can
be seen as the last lobe on the signature. In all of the signatures
the quasi-random return from the trapezoids is modulated by the gravity

wave (sinusoidal) contribution in the "clutter" region of the
signature.
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CHAPTER VIII
SUMMARY AND CONCI USIONS

The purpose of this report was to develop a method for numerically
calculating the backscatter from a simple one-dimensional sea-ship
model. The surface was a "composite" model of the sea surface with the
large scale gravity waves modeled by a sinusoid and the capillary waves
modeled by trapezoids periodically superimposed on the sinusoidal
surface. The ship model was composed of a metal flap mounted on the
surface model.

For this ship-sea model there are four principal scattering
mechanisms that contribute to the backscattered signature: namely,
backscatter from the gravity waves, backscatter from the capillary
waves, double-bounce scatter from the ship-sea corner, and dif-
fraction from the edge of the plate. Since the surface model was too
large to employ the more exact moment method, the first three of these
mechanisms were analyzed using the physical optics approximation,
while the last mechanism was calculated by a direct application of the
Geometrical Theory of Diffraction. The voltage received at the antenna
terminals was calculated for each of the scattering mechanisms.

The results were presented in a form showing the contribution
from each of the individual scattering mechanisms. and these were then
combined to produce the total received voltage as a function of radar
position. The resulting signatures compared favorably with the
measured data from the Naval Weapons Center, both in absolute level
and in the spatial variation of the signature.

Thus, the technique presented here provides an accurate and
efficient method of determining the backscatter from simple one-
dimensional ship-sea models. The accuracy of the results were limited
mainly by the use of the physical optics approximations. The running
time of the one-dimensional surface programs could be reduced by
employing a faster integration scheme, since no special effort was
made to produce an efficient computer code.

It should also be noted that the physical optics technique can he
applied to a wide variety of surface structures and experimental con-
figurations provided the integration increments are properly chosen.
For example, the antenna power pattern or polarization of the radar
system can be easily changed from those used in this study. The
ability to separate the contributions of the four scattering mechan:
isms, and to associate a range and doppler shift with each point on
the surface, provides a convenient method for investigating the effects
of a variety of range gates, doppler filters, polarizations, etc. on
system performance.
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APPENDIX
COMPUTER CODE SSSCAT

A listing of the computer code discussed in the text is presented
here. To facilitate the understanding of the code, the symbols used
in the program have been used in the text whenever possible. Note that
the code may employ programming features not universal to all computer
systems.
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Thb MAlY FRUGRAM CALCULATES THe FIBLD SCATTEW#LD
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