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CHAPTER I

j INTRODUCTION

In past years, research has provided a great deal of information
about the mechanics of scattering of an electromaqnetic 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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COMPOS ITI si4A ,LIRI AC'I - SIlP MtU!I I

The purpose of this s;ection is to diescribev a sii"olif ied one-
dimnensionl IlImodeI for a ship Oil the' ocean. The ocean i, rom'e-enteJ1
b y a composite surface made Of a 1 umi num ro I-0HN. A 1,11t'0 l
SSMnusoid is used to MOde'l the oravt I v waves, and small1 tra;we:old"
superimposetd Onl the si tiusoid aret used to mnodel the cap ill ar\ e
The shi p is nvdeled b a flat metal plate placed at one, enil ko the,
mnodel se'a surface, *V see FIM-ur 1- 1.

FLAT PLATE
GRAVITY CAPILLARY/

F iurte I -1. COMPOsit 1 te seafsctc-shJ1p mod el.

VOI* the ac'tual urae*de's101ed to SIMULate' the' Sea1 sr'tACe at
S- band. t he "inuisoia I ra vit 'v wvt, yes1V Ai aeapeak- to-peak he ik~ht at
3.t, in.,* and a mec:hanical wavel enkth Of 4. 1 ft.. Thi s provides o mean
square slope of about 10iV' reIpresent il n a re lafl vel 'v calm sea 0F i oure
I -. ) . The modieled capil1lary waves are double trape,:oiiv sach one,
3 cm long and separated by 1 Cm (see, I ioure 1 -3)'. recurri nk everv
.'L) cmI a lonm the sinusoids'. This composite surface, mo-del c-an be, ea 11
represented mathematically. fac iitat inoi the theorctical aal,.s is o f
the scattered fields.
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20.32 cmBP

1. 265cm

-3.17 cm-*

F i oure 1 -3. (ieOImetr'V Of dOuleM tl-rape:oid capi I11Y arVae prVOf i 1 e.

At One end Of the sR1,1face mo1del iS an eiiht foot hikgh metal plate
represent i no the shi p. This metal pl at~e makes an ankil with the
suLrfice such that a corner, not necessaril v ritght-anqi ed , is formied.
The mjor contribution to thle backscat tern ng from such a configur0ationI
s the dou~ble-bounce reflection from this corner. for an actual

ship at sea, there 01re 1 mul 1titude Of double and1 tr-iple( bounce%
cor'ners onl the structure of the ship itself. iven :,o. thle largjest
singjle Contribution to thle return sig~nature Ivi 11 probably still be
the corner where the shi p meet~s the sea surface.

The ship-sea model described here has four pri nc ipal mechani Sinls
wh i It k iy V'S i~n i fiCanI tC On tr-ibut ionI)S to the backs cat teored fielId .
These are the backscatter from girayit v waves. backscat ter from the
trapezoids. backs'cat ter froml thle hipsadouble bounce region . and
thle di ffracted field from the plate edgeo. i irst we shall Cons ider the
gieneral phvs ical optics formulation for this one-dimnisional gleomeltrv.
and then i nves t igate thle scatterinki from each of til fou i ec han i sns.
The cal culated scattered fields wvill be Compared with thle e\perirlntal
resul ts obtained at the Encounter' S iml ~a ti on Labor-a tkorv. Where- the
ship- sea model shown in) Figure1- 1 -1 Was cntutd



CHAPTER III
PHYSICAL OPTICS EXPRESSION FOR SCATTERING

FROM A CYLINDRICAL SURFACE

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

The general equations for the phvsical optics currents, qiven
the incident field, were summiarized in Reference [I]. The scattered
lectric field, drs , at a point in the far-field of a current element
s is given by

-jkR'

d~:JkZo --R i  (J y rn) r x r,, ds (I)

n

where rn 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 Zo = 120- ohms. The surface current J . in the physical
optics approximation, is

i = 2n x 1. (2)

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

n = - sin , y + cos,, z. (3)

The angle between the normal n and the vertical is defined to he

ZA

z n

4,4,
-S

Figure 3-1. Geometry of the normal to the Surface.
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The magnetic field i incident upon the surface can be written as

/2 e-j kRn
i = I0 (fvf 2 (4)Rn

where 10 is a nominal current strength, and fv,fh are antenna pattern
factors, to be discussed later. For an antenna of maximum gain, GT,
which radiates power PT

Io = (PTG T/4-nZ )I/2 (5)

The polarization state of the transmitted field is characterized by a
polarization factor P~h . For horizontal (perpendicular) polarization
the electric field to, in the aperture, is in the x. direction
(see Figure 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

x0 xrn (6)

Ix xr n

Zo n

A A

Za

Figure 3-2. Polarization state for the transmitted field.
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The one way antenna power pa ttern,* F ( .~) is a%%umed to be a product
pattern wi th one pr inc ipal p1lane i n the x -y p1lane (pat tern anol 10 and
the other principal plane containing the z axis (pattern angIlt
(see Figure 3-3), so that F(,>.,) can he written as

f(,T) = f ( f11 0 (7)

By assuming that f1 1(ti) is Gaussian, it will later be possible to
reduce the two dimensional surface integration to a one, dimens ional
integration.

RPROJECTED ONTOn A AI
A o r0 z PLANE

R a PROJECTED ONTO

0 , za PLANE z

0 0

777



Combining Equations (2) and (4) gives an expression for the
physical optics currents.

-jkR n

= Rn 10 (n x P(8)

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

e e nx n)Js= 210 f(En)/2 eJ~ (-iy+ cos4 z x -
i s0 W )R n ( 0 + C O Z ) X I x , x r n

(9)

From Figure 3-4 we have that

1^

rn R- (Ror ° + yy + hz + xx) (10)
n

where

r. = sinO y - cosO z

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

-jkRn (R cos(O-f) + ysin - hcosf)
Is = 210 f( )/ 2 *e 0 2 2 112  X

Rn [(Ro cos-h)2 + (Rosino+y)

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

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

8
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(x x rA) r 2() x + X- 2 (y-R cosl)y i- 2 (h-Rsinv')z
x n n n

(12)

where the unit vector r is defined in Fiqure 3-4,

" :_ [(y-Rcosf)y + (h-Rsini)z + xx) (13)

n

we obtain

i d - 4 i0 f(rn) 1/2 e Rn+% (14)

41s R Rn n

I (R0cos(O-f) + y sin -h cosf)

[(h-R 0coso) + (R0sino-y)
2 ] 1/2

I *{ (x - 1 (y-RocosB)y - (h-R'sin Z

nnLd d
.x[ co,,

So far, only the transmitting antenna pattern has been accounted
for. The receiver, at the point where the field is beinq 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

[I 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 wayL power pattern, given by (see Figure 3-3)

L
[

Ii A-: ; ., '



r r
A0

F re3. n cdn n reltdra eniery

0 1/ R f l2 r') 2(5

givene by4 Ineden the reevrvltgiecte vorayqemt te ecve

ad to thein sateed fieldufro dsh ise foundve tolareio

-jk(R + R')
2jV 0v1 1/2 e n n

dV r = (.r)" ( &)R (16)

* (2  ~ (R cos(to-4) + ysin -hcosf) d d,

0 10



L where

Lo = Z 0 10 (A e k2) 1

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

1. any point, a double integration over the entire Surface is required.

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

1 21 2

I.f~ 1 ~ )/1e~ A tan 211 e I B tan 2t(17

L(111 '(7
where A and B are beamwidth parameters. The angles and ~
(shown in Figure 3-3) can be expressed analytically in terms of dot
products.

tan,. -__ n za Y coso + h sin.'
rnR + Y sintO h cosco (18)

[r n rx

tanij '- _____ - (19)
r Rr + y siflO h costi

tan'r' n h cost strl------ (20)
i~ *r~ -y cost, - h sint;



r' x'

ra? ' - X 0 (

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

2jV0  (Rcsof~sn hof (, 2 e- ik(R1 +R n)

0o (- osl+yRsino)] n ,,lR-R--

(22)

A 2 1 1 B B2 32 2
2.x (--p - 7)-~(ycoso+hsino)Y/R -j,(hcosi -ysini) /R
2 2 .2)

e 2 e e d dy

where

R= R0+ y sint' - h cost)

R = % - y cosi, - h sinte

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 milnus infinity to infinity in the x direction, we can
integrate analytically the x dependent part of the double integral so
that

2jV0 ' (R cos(O-4f + ysin'-Ihcosjj
Vr f hRf2 (3

-y cos T( - 0 coso) + (y+R 0sintTI

B 2 " 2 . 2
* e 2dy

12



I . where

2, _jk(R +Rn) R 2
-edx

nR 2  nf

and

Rn2 = R12 + x

(24)

R '2 2
n 1 +1+x

with

R12 = (h - R COSO)2 + (y + R sino)2
0 0

(25)

R 2 = (h - Rosintl)2 + (y - Rocos3)2

Using the Fresnel approximation in expanding the exponential phase
terms

2

2 ,.2 1/2 -jk(R +-jkR n  e-jk(Rl2 +X2) /2 , -jk(Rl+

e =e =e (26)

2x
ejkR~n  ejk(Ri,2+x2) 112 e -jk(R i+ TR )j

and approximating the denomipator terms as

1 - 1 _ e 2 R 1 2

Rn (R2+x2) 1 2  Rl
3x2

2R'2

I 1 (27)
1 %3 (Rj2+x2 3/2 Rj3  ,(7

13[
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the evaluation of the X integral in Equation (23) gives

-jk(RI+Ri)

[ 2 -2 R2 R +2-j 2 12
[ARIRR +ARIR l R2+JkRIR 2RR 2 +jkRiRIR2 R2+R1 R2R2+3R 2R 2 ]

(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, fv(L) and fv(,), may be
used in place of the gaussian patterns of Equation (17).

.1
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CHAPTER IV
BACKSCATTER FROM A MODEL SEA SURFACE

As pointed out in Section II, 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-ys
plane. The surface height is a function of ys only, so that

h(ys) = H. + H * sin(w * ys + Phase) (29)

and the surface is uniform in the x direction. The constant Hei is

the peak amplitude of the sinusoid, wm = is the mechanical wave-

number of the surface. The surface itself is 40 feet in length, with
\m = 4.1 feet and Hei = 1.75 inches. In implenmenting the compu-
tations of the scattered field, the surface is assumed to occupy the
range -40.y 5 O 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 seg-
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(ys) of the surface .s 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

L. trapezoid, we consider the current density, is, 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 toII 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[



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(ys),
occupied by the trapezoid has already been computed in the gravity wave
program.

B. Discussion of Computer Code for Backscatter
from the Sinusoidal Surface (GravityWavesj

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

-jV s2 R2 R2R0
Vr - R (coso+sinotan+y/R tan4 -h(y s )/R (30)

2n Y=Ysl 1 o . 0

B 2, ,
-12 e-jk(RI+R) - (tan .+tan2 )

where

2 ,2 ,2 2 ,2 2 ,2 2 ,2 ,2 2 , 2 2 2 , 2 2 ,
g = ARRI R2 +AR R2 +jkRIRi R2R2 jkRR R2R 2 +R I' R RR+3RR RI2?

11 R A 1R 2  1l 2  1 2 1 22 1 2 2

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

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

Ro = zz/sin(7/2 - o)

where zz is the perpendicular height of the radar above the y-axis.
The return boresight distance R' is equal to Ro since the radar is
monostatic. The incremental value, .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

16
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R 2 = (y + R0 sino) 2 + (h(y s ) - R cos',) 2

(31)
(y - yo) + (h(ys) - 0)

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

Yo = - Ro s in

ho= zz = cos

The return distance between the radar and \y is Ri and is equal to
R, for direct backscatter. The quantity R2 is the projection of Rl
onto R and is defined as

R2 = R + y sino - h(y s) coso (32)

R is the projection of R onto R' and is given by0

R o = y cos - h(ys ) sine (33)
Sr

where the angle t is measured between the horizontal (y) axis and
the return boresight. The quantities R2 and R.' are also equal for a
monostatic radar.

The portion of the surface contributing to the sum is defined by
the limits y=Ysl and Y=Ys2. These limits are determined by the angles
at which the incident field is 20 dB down from the boresiqht level.
Since we have defined the point y=O to be at the intersection of the
boresight with the y-axis, the value of Ysl will be negative and Ys2
positive. The surface profile function h(ys ) is always evaluated
with respect to the origin of the x,ys,z coordinate system, that is
ys=O at the end of the surface model (see Figure 4-2). We then have
for the limits of integration

1II



YY

zz= ho  R Ro  \

\ z

... sYs

YsI -y y =0  Ys2 Ys=O

r YOLY -1
YO 

Ys

Figure 4-2. Geometry defining the limits of integration.

Y : Yo h 0 tan (a-1.3 * e3dB)

(34)
Ys2= Yo + ho tan (e+1.3 * a3dB )  

(

where e3dg is the 3dB beamwidth in degrees, which for our gaussian
pattern as been taken to be 150.

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 ys=-40 to the flat plate at ys:O. This portion of the code

19
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requires input values of- the height, Dl in feet, of the radar above
the y axis at ys=O, the look angle, x, of the radar as measured from
the trajectory to boresight in degrees, and the dive anqle, tp, of the
radar in degrees from the horizontal. The output is the voltaqe at
the receiver (complex valued) in units of volts (see Figure 4-3).

CI7FAe7ORy

ZZ RO

DI

FLAT
h ys)PLATE

h (ys) , ,

YSuO

Figure 4-3. Geometry of input variables.

C. Discussion of Computer Code for Backscatter
fromTrapezoids (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(ys ) 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.

20
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The field scattered from an arbitrary trapezoid is found by
considering each segment of the trapezoid separately. The field contri-Jbutions from the three upper segments are added toqether. 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 fie, -f the upper
three segments. The net field contribution from the five segments 7,
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 sionature fnr the model
sea surface is obtained for the specified radar trajectory.

To find the net backscattered field due to a trapezoid, we conr-
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 lonq, 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.

jV L(n)sin,(n) (y+R sino) + cosi(n) (h-R coso)

V r(n 2 -2 ---- ---- -- - dwy(n)
cosc(n)[(h-R0cosO) + (y+R sino) /

-B(ycoso+hsino) 2/R22/ Ae
e jil + A + j x

j 2 e 2 dx (35)

[where n=l,...,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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liere' is the a(iqle describing the slope of the surface h(y5,) at the
mnidpoint of thle trapezoid, and o is the angIle that definre% the 'Iope of'
the sides of the trapezoid (see I i gure, 4-4). Sinrce oidefinles thle
slope of the i-th segtment of the trapezoid, the width oft the i -th
segment projected along thle Y-axi s will be a function of ' o, so t hat

dwy(lI 0.04S.cos(,'+,

dwy(2 0:C.4l!)cos(,

dwy(3) - .048.cos(,-t (38)

dwy(4) 0.05:'.cos( )
dwy(5) 0.052.cos(i

By carry inql out the inlteira t iof over x in [qua tion ( 31)) and
sununIi ng over the five faces of the trapezoid, an equation for the
received voltage contributed from a trapezoid centered at posit ion y
canl be written

iv 0 5 0 ns i no 00(y4 R 0s i nt) +cost (n) (h- R 0coso,)
v (1) 0 0 )SI -

- 2 'i. I~ coso (n) [(h -R 0cost)'+(y+R 0sinl)<,~

* (wy(n) v 1''k -II(ycos0+hsin(I) /1(v

R (2'/R' + A/R.,' + jK/R

where thle choice of Sign (-+ ) is such that the top segmevnts (n- 1 ,3)
are (+ ) and the bot tomn two segments (n 4 ,!) are I n t hisN eq ua t ion
y is defined to be the position of the mid-point of the trapezoid onl
the surface h(ys) . All other terms are as defined for tile grivity
wave Calculations.

The port ion of the computer codev that calculates the field
scattered from thle trape.,oids is a subroutine in the gravity wave code.
This suhroutine requires the posit ion of the radar, and returns thle

1* vol tage at the receiver duec to the field scat tered from the trapezoid
supeVrimposed onl I(y,.) .rhis compl ex voltatle is added to the voltatle
due to sca tteiIng from the giravity waves so that the progIram gives.
at each posit ion of thle radar, the receiver vol tamie due to the field
scat tered from thle composite suirface model. The foll1owl nq sect ion
gives the results of some typical calculations.



1). Remiults for 11ackscatter fro-m Sujrfac-e -Model

The' sigInature for the sea-surface model , (i.., the receiver
Vol tatle as a funct ion of the di stance VY) as cal cul ated us inq the
phys ical opt ics current a pprox imat ion, i s shown inl F i qu re 4-5 for two
d i f fvetit trajectory , eomet ri es. Two sitinatut'es are shown for each
confi~jurat ion * one model ing tho Nea ris a qravi ty wave alone ( i .e ., as
hi(y ) ) and *,te o thter as the compos ite surface inlcl1udi ng the trapezoidal
capillaryt- wave,,. Ini all s i natures , the magni tude of the recei ver
vol tatle is ill dill below reference vol ta~e V0 , which has been taken to
tit uni ty. All (iqnatures ire plotted so that they are normalized to
the hi'llhest value inl thle s iqnature.

Note that the radar svs tem used to oh tmi the, mea sured sikqna hires
incl1ude-, a rankle qa to (short or 1 onqj to eli mi nate wil11 reflectiotis.

The effect of this ranwio (late has been inclided in thle calculated
0911.1tures by insertinq a qating function C(Rl ,l ) in. e.q. Fquations

30) and ( 39) . The argument 1 in C(RH1 , 1) denotes that the short ranqe
qate was ulsed.

figI~ure 4-5Sa shows clearly the effects of the periodi ci ty of the
sInusO ida 1 ;urf'ace Model . When the con tr i it ion of' the( trape)0 o id(s
s added inl, the signia tures take on a more random appeartance , but the

underl ' iit periodici ty is still noticeable (I iquit' 4-51b). The lobe
at the etnd of' the siqnlatures of Fiqjuro 4-1,a is the result (if tet.iin-
at-inq the surface at y =(I.
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CHAPTER V
DOUBLE-BOUNCE SCATTER FROM A SHIP MODEL

j 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 o can be varied. The radar approaches in the
yz plane from the negative y direction along a trajectory defined by
the dive angle p (see Figure 5-1).

I
I

I FLAT

PLATE

I
II

I
II

h (ys) 
A^I z

ys[
Figure 5-1. Geometry for double-bounce scatter.
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B. Sim~lifications 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 calculating the double-bounce effect. This will
greatly simplify 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 confiquration 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
III for bistatic scattering. For a horizontally polarized field

2jV R 2 R
V r -- 2jV° I R2R2 (R coso+R sinttan +ytan,-h(y s))Vr . . .. 1R0-0

B 2
-112 e-jk(RI+RI) - (tan ,+tan y 4)

*g e e dy (40)
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where

2 2L 2 I2L22 R23 RRfkRR 2( 2'R R'2g=AR Ri R +AR R1  212"Rl R 11113 jRR, RR R

and h(y.) is the sinusoid defined by Equation (211). The appropriate
limits of integration will be discussed in the next section.

C. Discussion of_-Com~puter Code--fo-r
Doub-bou--n-c-e Sc at te r

The field which is reflected back to the radar by the presence
of the plate can be calculated by a numierical integration of Equation
(40). By reducing the integral to a finite Sun1111ation over small
increments, .\y. we have

Y s 2 R , , R '
Vr R 2_2 (- R 0cost)+R 0sin~tan,,+ytan,,-h(y s))

2, Ysi 1

9-112 e- k(R 1+Ri ) e- - (tan"--+tan>'' y(1

where 9 is defined in Equation (40). Unlike the formulation of
Equation (30) for the scattering due to the gravity waves alone, the
primied variables and the unprimed variables are not equal. This is
because of the simplifications introduced by the iimage theory. Fiqure
5-3 defines the variables for this scattering equation. The terms
RI and R' are the distances from the incremental segment, .\y. onl the
surface (ys) to the transmitter and receiver, respectively. These
distances are given by

R I=(Y-y) + (h-h )2

R2 
=/(yy )sin6
Ri= yyy + )y+ + (h(y S) - R'sinO 2  (42)1

where the angles and the quantities y ,y0,yy and ho are as shown
in Figure 5-3. The receiver boresight distance % is
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% Ro + (yy+yo)sin2./sin('/2-2..+' ) (43)

where Ro is the boresight distance to the transmitter. The antenna
pattern angles - and ,' are as defined in Section Ill. The
projections R2 and R are given by

R2 = R0 + ysin - h(ys )Cos '

R = R0 - (y-2y 0 2yy) cosi5 - h(y s ) sinlv (44)

The limits of this numerical integration, Ysl and Ys2 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 followinq
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 voltdge Vo, is plotted as a function of the
position yy of the radar. As before, a range gate function
C[(RI+Ri)/2,1] must be included in Equation (41).

The effect of the depression angle i can be seen bv comparing the
signatures of Figure 5-5a or 5-5b. Note that for near-(irazinq
incidence angles the double-bounce contribution extends over a qreater
range. The effect of the dive angle can be seen by comparing the
signature with a=60" and ,=5" in Figure 5-5b with the signature in
Figure 5-5c that has the same , and ,. A larger dive angle results in -

a signature less extended in range and shifted in position towards yv=n.
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I
Comparing the signatures of Figure 5-5c illustrates the effect of the
plate angle o. The radar return becomes stronger over a wider range
for obtuse corner angles (,<O.), and decreases in magnitude with
compressed range for acute corner angles (uO.).

{dY

[ Y NEG y=O y5=O

Yo j

SURFACE OF INTEGRATION

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

In the previous section it was found that a significant return
can be expected from the double-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 edge-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.

I A. Geol.etry

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 neoative
y-direction, with the distance from the radar to the plate edge defined
as R . The geometry of the plate and radar is shown in Figure 6-1.

B. Equation for Backscatter

Since here we are only concerned with the edge 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 Ro
of the source from the edge, this diffracted field is given as

ud e I RR0 45

ejk(R+R°) jk(R+R R (RR +o i. ... .. .. ', . , (4 5 )

I where the choice of sign is determined by the polarization of the
field. The minus sign applies for an electric field polarized
parallel to the edge, and the plus sign for perpendicular to the edge.

VB is the diffraction function and is defined in Reference [4]. The
angles q,' and q, are defined in Figure 6-1, and are equal for a mono-
static radar. Similarly, the distances R and Ro 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

ud _ e e' [V(Rg/2, 0.) - VB(Rq12, 2qo)] (46)

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

YY

\ FLAT PLATE - I

Figure 6-1. Geometry for edge diffraction.

I C. Discussion of Edge DiffractionComputer 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 VB. 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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l 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 functionj C(Rgl) must be included in Equation (46).

Note that as in the double-bounce backscatter (Figure 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
signatures 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 qeometries 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 siqnature.

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 runnino
time of the one-dimensional surface programs could he 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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APENI

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 programm~ing features not universal to all computer

systems.

I5



I C PGRA"' .SSCAT sy e? AA RYAN
le C PROUtHAM CALCULAILS IIHE FTLLD SCATTLREL) FRUM

C riiIP-SFA FORr m FOt A HC'RIZOP,'&LLY POLARIZED INCIVEN?
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56 PHASE =10.

60 f .6Rb5j472/ITANtmhW.4,l14.59~w.2
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