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Previous lunar surface models consisted of randonly
varying surface hesights with isotropic suvface height
gspatial correlation Functions or secitional correlation
funcikions or some ocher surface slope distribution, Further~
mora, a superposition of various types of surfaces such as
small and laxge scale roughness were alszo employed. These
medaels do nobt seem to rapyesent sxplilicitly the lunar craters
which ars superimposad on the randon neighit variations. It
is kthis aspect of rimwed crakbers superimposed on a two

dimaensional distribution of surfzce heights with each com-

id‘
j

ponent surface being a random variable but statistically
£ of cach other, that is used to calculate the

-

o
Py
o
i
"
s
=

h 1

monostabic raday return fov the Lunar Landing Module guidanca

and control radaxs at wvarious angles of incidence. The

unique feature of this surface model is that a randowm varia-

»

tion of the spacing hetween the rvimmed cratsrs allows a

52

realistic spatial distribubtion as well as size distribution

which has been found to be guponential from Orbitor I and IX

> ¥

photographic data of maedivm and fine résclutions. The nean

varkical incidence radaxr yeturn power is caleoulated using

svalar Helmholitn integral and bhe results are then reduced

el 28 ong generated when the ran-

domly varving main crater diameter tends to zerc and the

ba

- .' ]
to a few special cages s
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An electromagaetic wavafuont incident on ohstacle .

induces & chavge thergea whiclh gausses =ach polinkt on its sur-

iractions, Each

>
Faad

face te radisie recondary waves in all d
point actsy az & Huygens zourece and this phevomena ig termed
seattaring, and paysical ontia techunigues rav be ased in

order to analyse the sqatisring. Tha ze-vadiation from a

and condactivive., In theory, a3 comdlete inowledge of the
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JIrLAce peranevedcd NG LS YOUGURess whlidd YLoad Les scatier

1 . I VN =y 3 17 PR VR ' P IR = -
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procedure 1o very conplicated
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asgumpulions

a randomly rcugh sarfacs. Thersfogres, «

given below must b mads to simplif;
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the mathematical manip-

b
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uagbion and to ensuars t

"t

he velifiby of the resmulting solution..

a) The incidant wave 13 mondshromoaiic

b} Ths polarizaiion of the inc dont wive is ilineax
¢} ¥Fhe distaice betwean tha sovree and the reflecting
surface is large coapared t©o the surface dimension,

e o o - € T ez ds s 4 Susemgr, zy B o A0 - -
go that the wavefront may be tresis” az 4 plane

wave, and

d}  The edge effact, shadoving, and smltiple scatiering
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In spice of thess restrictions and assurptions, a
complete selution of the problien of goatboring bas ook been
found as yet alihough considerable work has heesn dons in
the area by physicisis and anginuers oz Lhs last iwenty-
five yearg.

Theoreticalliy, 3 bkarxain may he thouohit of 32 & ran-

-2 el

domly gpaced axrzy of scatterers which yield a ceviain raday

o

gcatiering pattern, and conversely, knowing the scatieving
patiern, an unkunown terrain may be specified. This tech-

] s et p o d -
nicua of surfoce roughness dstection by awyloying redaw

backscartaring cress-zaction has abiracted coumidarable

Intersslt in veceni yesrg.

The

]

tervein illuminated by a radar is guibte oftern rauw-
domly rough, thevefors it is necessary to uss probability
“eéhniqaaz in its description; oonsegueantly, The madar De-
turiy obtalned fra; it is alazo dasceribed statistically. Tha
present investigstion of the lunar surface radar retuin
assumag that 1t ig & perfeciiy conducting surface ab high

freguencies, The Fresnel refleciion cosfficient For hoxi~

zontally pelarized plane wave is
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as thows in Fig. 1-1, where vsrious terms are defined. Foxr

a perfectly conducting sexdace, ¢ and Y arse infinits and
g o= ook {1-3)

The early tunac rodels were based on the earth-bascd

arded the moon as a guasi-smoot

s

acatterer, & hypothetical surfacsz model consisting of
corner refisciors, cone~iilke projections of small inceluded

angle and £lat syeas, was aleo used by thew toe gsiculate
the radar scatL=“ivq‘crosawsautionﬂ gmgloyiag an aporoxi-
mate thecreticel foum of ths power reflection coefficient,
Katz and Epetner {1860} presented two statistical
models of rough gurfaces, namely the Specular-Point and

Random~Scatterer modai. In She Bpecular-Point model, the

rough svrface was ossumed To ke a pexrfect conductor and

53.9

the surface halght Zuncotion was assumed to be not only con-
tinuous but.al;o to heve centinvous derivatives with gaussian
distribution of surizce slopéae The radar rxe*nrn from the
surface waz supposed to be pztﬂaminanély contributed by

iarge facets uxiented peypendicular to the incident radia-

tion, and rvemaining contyibutions coming from sall isotropic

Tn the Bandom-Soetherer rodel, the raday zstarmm wWas

5

o Dt % - P ] T % P A T P
assumed to ke gerevzied mainiy by & lavge pumber o
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CYAPTER IX

LAUEAR SURNACE MODELIHG

The Acollic guidarcs and control signals durcing landing
ard primarily conds
tvdy provides ths means Lo predict the effests of th
foriter on he guldance and control coommands which are genervated
by & cowpntar on bHosyd the moduls afior procsssing the radar

N 2 enatre en W an ooy ,. 7 I 3 2 X ‘-
starn 2igusls from the velooity and altiustey zo

»

b B W *
ivnar surface yroughress is

© signals used Ffor guidance and contrel during

Although the serly sclsntific efforte had provided
valnabla informabion on surfzes rownghness of the meon, the

E

application ¢f thelr data wag llmited for varlous reasons

inciuvding the lack of 11l scals verification, Evsn the
gavth-based radar inforwmation avout tha

3 abailed, partliy due to

loner surfens was not sufficiently de
tha 1ibraticon od the meon and partly dus bo the

+

Hs

ET<hA 1!
azuged by the inhomagsndous ionozpheric medliuwm.
The availablility of a high-enargy source for a high-

4 . + vm oY ~ I T I P T 1 " P 3 P e
frgrneney rades was in dbgelf a probklsm. Cooseguaenily, radaxn
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1a
such as the diameter, depth and rim haight and rim base
widil, Mesaic surfaocs data fron a numbar of preszelsctad

LM landing sites have besn carefully snalyred and their

l’

roughness parameters seem o =2 statistically independent
.xom one site to the nexd. Yherefore, a surface modsl
composed of uncarrelated random and poricdic siructurs with

¥ =

randon or fixed pazans: terg is formulated.

2

wodal 1s a sugerposition of a gaussian

=3
mn
.
]
N
»
1))
o
i
1=

random rough suxface, zad a pericedic crater outline surface

- 5 - @ .
which can be made random a3 wall. The random surface }P{xéyﬁ
. ¥
iz assused to have a mean value of zero snd variance of &
ag zhown in Fig. 2-1, Yts avtocorrelation functicn ig
‘ s ‘-::‘j\ o - ) A Y 3
assoned Lo be exp TF (Hayve, 12381} vhere % is the distancs

betyween two points mezsured ou tho ¥~¥ plane, and B is the
decorrelation distance. The periodic surface §P€x,y} is

defined differently over three zones within a typical interval,

- . . 3 ?‘ 3 .
2,084 = & Jor . Wy rd, (223
i oo
In Zone XI e 3
Ta. vl
At ¥ ﬁ"{h{j ‘"§ 4o 1 hkad f‘ni
A, By T b, Bi\wn
%-" {: * s ) LGRS C&\,;
: u =, % £
Tn Zone TIT fov & AR YL du (232
ETRTL
24 L 2 AN
n:g {‘?\g.u hoam “"'gﬁs QQ‘{‘ }.:"g‘ﬂ‘r‘ :_o ,jj:;,*g LY 1’1,, g‘_)i A _‘(;;,.9 iEn‘%o}
> & . 2 3 B
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13
The componant'%ﬁ rapresants the general small-scale ox
large-scale voughnssz, while the ccmyamemt'@F may he desiguned

to represent craters, boulders, and hilis. An appropriate

selection of the variabhles é}, éép hl, znd k., and the con-

ju

pination of & 9R and'@P way be devised to £it the description
of most typas of lunar surface features. For instance, by
e {;‘IA - ﬁ g . - N " . .
varying and A4 . Ry be varied from smooth to a vary
rough surface. " ; i
If b, and h, approach zero, the surface %, becomes
mirror~Like. Similarly, a suitabls choicde of hl’ h2¢ ay

=

and ﬁg may be made to represent mosdl gurfage rills and pro-

- &

trugions. The flexibility of this particulary medel in tevms

"

Exs

of functions ¥, and %, renders a manipulable means for
&£

-

mathemetirm? calopliation of gaﬁar ?@ TR glgnalg.

The guasi-periodlc componsnt 3? oY assuEe any geomstrical

function which is most appropriate for the tefrain desaription

in keeping with the assw ian of u@gkifahlﬁ shaﬁcwmng and

wultipie reflections, sic. A careful anslysig of the Orbitexs’®

high-resolution photographic nosaics indicates that the sinu-
soidal surface function vexy noarly meitches the degaription
of the lunar surface. Ths ginuscidal function lg superioxr

geamatrically and flexikle mathematlically. For axawple, ths

£

function

e 18

. £ .i.‘ PSS U e
Loy = b Sin S L2 -5
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whare

h = the suxface helght, and

T = the surface poricd
may be assigned any value for h and ¥ n:' a xoda random to
generate a realistic surface. Furthermore, h and T may
eithor ba made depondent on each other or statistically
indapendent. In tha case of the lunar crater, it ls found
that the rim hoight, rim base width, snd crater depth axe
all almost lincarly related to the crater dismeter on the

average, swch as:
. Pho 4 4 W by, = b

dy = 5D dum 55D, 2-4)
Thus, the erater dlameter is the only random variable for

the q 4 iodic surfaco much that givon &
crator dismeter the quasi-periodis surface is completely
specitied.

The scalar Neluholez integral is used to calculats the
U radar Tsturn powes sinca ¥ and iP doscribe a complote
set of statistics for this lunar moduls landing zona. Radar
signal degradaticn ia computed for each mection along each
of the landing approaches, This surface modeling fs primarily
lnited by the zesolution in interprating the Orbiter and
Survayor lunar photographs.

‘The surface model ganexsted by suporposition of Iy and
isa et based on the yor and
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Orbiter pictures; nevarthels

i

%, its statisticzl generalliy
permits a very realistic surface representation and the

prediction of radar return from it, Furtkhey research on

&

-

scattering phenomena, such ag secondary scattering and

point—éarqet diffrvaction.



CHAPTER IIX
RADAR RETURKN FROM THUE

ONE-~DIMENSIONAL NEW LUNAR SURFACE MODEL

A knowledge of radax deoppler and velocity signal
degradation is necessary for apprropriate guidance and
contrel of LM landing used in the apollo program. A study
of several posgsible landing sites shows that the distribu-
tion an& giza of craters and boulders are random, and the
probabilitﬁ digstribution of their sizes appearsy to be ex-
ponential in shape as shown in Fig. 3~1. A set of close-up
pictures of the lunar surface taken by Russian Lunar 9 and
american Surveyors and Oxbiters I and IT indicate that its

i terms of the

s

local surface undulations azxe very rough

-

-~

wavelepgth;( ~N = 3 cm) of the incident signal in the case
of LM vadars.

A surface roughness functicn denoting helights above
and below the mean level can be desczibad aé %’ 2 supscposi-
tion of a number of rough surfaces such as

£ = L, v 5 % By ox oo C (84
The landing sites on the lunar surface may be modeled by

such a superposition of a random roughness and a guasl-

3

iy

periodic surfagce in an interval T as a zercosth order model

1o

as shown in Fig. 2-1 and Fig. Z-3 where 7§%i& andom gaussian

2
component with zere mean and % is pericdic with an expounential
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picbability density D of the crater diameter at the average
elevation of the ¢rater, The dimensions &1, éz, hl’ and h2
are all fuctions of D, and T is fixed in order to maintain
the identiyf of %, and '%k; because if T wag randomly vary-
ing % would terd to become N

As a first order approximation, the surface iz assumed

invariant aleong the y-axis, and the radar return power can
be calculated from this ona-dinensional mode of the lunax
.surfaceh Tha general Ki;chhoff integral i3z applied undex
the foliowing assumphions:

g} The vadar leam oxoss-sscition has dimensions large
as conmpared to ‘f.

b) The radius 5f curvature of thé random rough surface
is much greater than the waveleggth'cf the incident
radiatién, '

¢}  The incident radiation is a horizontally poiafized
plane wava.

d) Shadewing, aultiple scétt@ring and deéclafizatian

affect is neglected.

< . s .

e} 5& and 2% are sitatistically indaspendent.
g ¥ v

L
£,(0,8) 5 —E j‘m'ti‘f“""h’*ﬁ (3-2)
= i /
whers
Ea{élg 82} iz tie reflected field from the surface.
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6, and 6, arz angles of incident and reflecticn as
measured f£rom Lhe outwaxd surface normal.
Eop is the field reflected in the direction of spscular

yveflection {6, = 8.} by a swmookth, parfeutlily condact-
2 3_ o . ol

ing plane of the same dimensions under the same angle

of incidencae at the same distance.

I+ cos (&) ¥ 85}
1 -os 81 4+ COS 62

P = gec &

&5,

VK = It {sin 01 - @in 82}

a— L, o %
vz = -k {cos 61 4+ ©os 02:

T o= XE, ot {Tg F Ep) “é'g
En and £, are functicns of x denoting the height of the
rough surface.

The scattering geometry is shovwn in Fig. 3-2 where

—8y and ¥ = 1}0032 810

The caleulation of the monostatle scattered field with

nT from Bg. {(3~2} is

£,06:0) =Bl 5 L appinx el ik ooy
j o

= «
-t &
E(050,) =-Baf LS wpGIap Sopra i )] e

(3-4
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The generalized grating eguation is
O o b, L3I = SnB.
i &
Y
e XE (3-53
£R
whexe P is

any real numbexr satisfying the above grating
equation for a given @1 and § ”he subgtitution of P in
Eg. {(3-4) yields:

e
\\QE Qg‘; g:m . . 3 . 3
B (038) = — =25 ) sxp [ v bhlg v 53] 4 (3-6)

&
n-l .
A e axp (E2map) {3~7}
"?“ﬂ.n.:us's
The average return powver is _
o o _dwr ELF ?"a e 0% ) 4 Ve (8, % %
dgaﬁs A S o }j “"3{?5-5‘ i Ve (%, Ryg b
. g
T g
c?‘u LE e ‘3 C(‘A ‘& -
where ‘a{%a Z 3 f {3 a}
<., = & {3 “w .
B T * Ge) €y & %}%
b ‘*'Ef_$ = } -
ENREE S S, = Fp U (39
oF & % "“5‘:’; % i
\% r %w&a‘Eﬂ F . o . P - S -
LBETY = { T“:' ;ff axp WA ACIE O ERANEARLH)
L e
22

£oaxp Tk B m 3,0

N dr, Y 3
,;"_g;q d l"Q 3>§:k'9 t,...‘“;g}
The average is taken over the statistically

independent
*2
random variablesg ¥

"R and 3,



Now
”v‘ « [~ -
L axpltvve (%~ {0 ?;: = | j ?Ql’igiﬁa?
f Rl = 2T
woep D Ve g, = 5,4 ] dy, dity, {3~}
whers.

Y

% R ,
Sy e 20 M Yo % My

i
LK o~
? .L e G'& Qi‘”ﬁ“; } (3"‘“‘2}

g A - » N7 ittt
¥ ("t‘}”) 2?’;'6'1“{“”;“;;%

The characteristic function evaulated from Hg, {3-11} using

-Bg. £3-12) is (Middleton, 1960}«

o e O ] - N ——— 1
{"'li‘if LiVel%,~ %Y1 = 5*"-3"?5,‘“@ o b ety 3

2 B (VY st d i Nl
w axp -(TVe) & . ,mag anp ) (343)

A transformation of Xy and Xg into oy and ¥ yields

Ky, ¥q =2 Fe, ¥ (3«14}
dx, 85, —> 1Tl de dy (3-15)
131 = L (3~}

A substitute of the Jacchian in the average power Eg. (3-10}

. (el By g wigley = LI
(REFY = AR TR ETD
':t_}"t %- Y T i ) -
¥ I A LE L CIV(E -8 i, G 3~
:;’ j _w‘? (T~ 5 s:»__xz}‘,:,.'%{,i, J&)I aa,&% {397}
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The iimits make it necessary to integrate over 2 before
integrating over Hye However, by assuning that B 4:.‘\
and thabt the intsgral of T has valus onily at very small

value of v, it would not he svronsousg o extend the limits

» ¥ * "? » 'i.
to infinity instsad of from -3 -~X, tﬁ'ﬁ“mxgy gince
o

. o
* {
§ duwdr & 1 Lemdy (3 -18)
o

e v
2

*
At

Since the limltg of integration ou T are approximated to ke
minus infinity to plus infinity, taking into account the
divercent texm representing tLhe sversgs ratuyn powsr &g

showrt balow:

(REFY = (EDCRED + D{E] {319

#

after sinplifving, Eg. {3-2) hecowes

B
£, = B F ) axp [WX ¢l g+ Y14t (3-20)

o
[
]

%

¢

the average of which is

(B =L T f (@ 1 %) Cnp (LA

{3211

The characteristlc funation iz calcoulated fo be {(HMiddleton,

196063

o

%
{ é’" (LR = axp - {aVal (522

3
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and
<'E:‘ > - < ._}.\.’_.E,_:‘-‘,_'__, er ;‘(“g‘v%>fnyf ((’i} X R '7 g.,) &\(> (.3“2%}
I:L-_‘t sz_
I = j RXp AN SN A '5_!) Y dx
X
= I, + X, * Xj (3-24)
with
-4, ?
I, = fm?w’ %) dx A J (LX) X
- R
z 4y,
. amYer = seihde
- V{/z {3"2-5}
b Gy (x-d
{ by VY REATH) AT, )
T, ?».:'r[,wm‘?t-\&ﬂzs““' G dx f}*’i-frfd“““zl SEE A
s ay

- L\’xfit F.f‘n’ -:‘1'( r’%; {,\z,x &1’_ L EW l.vx d ¢
. -t @,

=-] 2y

g
(o

i
A

2 L nE
< r(‘lﬁl‘*)L Ll

e
&

13

{
T= [ ax

M

H

FE”\‘ ¥ = ilah cos £ dx
Iy SAny (Vm o 51 ‘)é’i

?3 . 2 __‘1} \ et S -?m(fi.___“ 2 .
o E U JpChhg TR Y4 (3-27)

.g‘:-co
Sunstituting Pg. {3-25), (3-26), and (3-27) into Eg. {(3-23),
one thains
W E-;_:,F ___-l- (O‘U ')& ’ .
LA AN - D 2 o
{F7 = T lD /2

LS o cmm[

P 1
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. i
A suva (0 ¢ T A

LS ) - P .

Vo2 £ (V& '%{;;3 Ao, % (3~2%)

.S. RN

{3-28) . one ohtains

Taking the conjugate of Eqg.
'S\H\fxl‘?: - S\nv-)a&.?.

®; — S W ,1.: -k {.G’\;?:}&
LRy = L e RO T
d, 1 i e de ~td
Sy "'E'.'.‘gé- el o 9!..\&&% e -Qtf{'}nv e. {f
“;' ,.-,\Z. ff}(‘ﬂ‘ﬂ-’—; : e .j
priw - v + ;&-}é“)_
- R
o § \/xl v EW ' %_};) X
1 ?‘ L 3;;% L) (v, — %3 ‘ } >? Q3“2?}
=@ 5/ 5p

. T
with z _—
* opeen n 22 (_O—V-?.J
- V\”L E E’ e ‘JL} . ———
(y * Awh :{_.’:%. . BAP {F¥a) “%“ at {3-3;}

Since -‘.‘3{, and %, are the only Ffunctions in the integraad
t 2,

containing x,, it may be evaluated scparately.
[~

T
Let ey . . Lo -
1= ffaprin(g 5T 4n
=
— I, %I, ¥I, . (See Fig. 2-3) (3-32)
m({h -'3;
G, = j d + J dy, (3_33}
- Y



-y
- {
-}lj‘ ey }

~dy

T
]
3

T ~ - _qut -(i - e y B
wxp{ tVeh ] Sin LA ...__:,l} L gy, Bee oAy l .

e 1
L =«.“-z..“<!q ;,"&Lr ja- 4'3{2’”

{
C}_s‘

axP[L%L i%qfilﬁlél,.t i;‘?l%? A {3“3¢9

c«'-(gg L -

dy

[l feos TR s T YTty (a3
: ¢ t Jy

2

Further integration yvields:

:f;! = 7 ~ 24, (\5-~:’5é)

5 Z i}'i; v H 3
Ia == Z(dg"'d".g E- E {L-{} :5—5;3 {_‘Ji‘.ha‘) j:-l{g"\’!ﬁg"‘-h}

"‘ Sivy ':‘:;T: (:}J %‘} 7 Cos5 ,..F&'W?; AND (\'3"37}
- T R

T, = 24, 53 @37 3 kb)) 1 (k)

A Y LS
ii’-ﬁﬁ—f—w—ii | oexp () (3-38)
T ey T
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wWiTH co
= WWLTY e o Ty el A
T = T Gum asp G Crenan) s
Ty '
@
- 7 E} ? 3
= 2 {T-2d) ) axp (~F) cosk ¥ Ay
4 i
— (T —~ 2da) e
= Z \ el (E‘F . \*‘!?, (3""5‘0)
BT %

; Ces oz . Py . N
I:: = 2 (C—lx'x_ “dl} E 2_ (,*v) v J} (\}&‘r"u..} 3:6 {w“"{%hl)

F: i Gzt

- sin TP E‘ﬁ"’
. . -~ oy
X.__.”__._. ~5 s (L) « oo (~00E ity A
£ gy L; p M ap UTg ) cosigy, A
o frel 745
.~ e HE o 3
= 2 (44 o o2z ) -}?isv’i'fu) 3?3(:\;:’3"«-}

[ Sin X (pHE T i‘ =
— b - e Jom
I (p+g) J "l‘f‘-f"‘_(\! E.FTT N ’
= b RN Y I A 5;_:;1‘;
m,
B
'%“ (R [#] T]
% o AND 3~ 4
(\15){‘(\;&_4;:3 , {3-4n)
‘o ;v % (?gﬁ T~V To Oty
I% = 44, ¥ 2 @) J{_(. hd) a5 Y

oo
g 3

{ g CF) cos il vay
o
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LN
D } <K;{2(T-25ﬂ e
(8) %
L2 - H‘t )
+ 2(d.-d} 2‘: ...'ia, CEY T TR T (Ve k)
r\; 4in ‘;}EQ?«.—% J‘ %‘" ‘}
Jg: QP‘?‘()} = {\‘L’S‘}a'k(\fx +d§d}‘ “" -}"(\‘{'"?W}
S i"’i i (~Vek) U5 C VRh)
J{:-.-w 3-:.-39 {-

%

F_Sn T 7 o 1
e e CerZEY >{ G-

The complete solution for the dveraged radaxr return is
the BC texm, which is the product of Eq. (3-28) and {3-29%),

plus the variance of Bg. {3-43).

- . s -
In the absence of craters or hills, i. e., 2y, = O

P
= H C‘L'a PP o2ip -6V r G Yu s 1%
LR 2CEy = hat’ = It o a . % 7’ } (3~44)

5

. & ST,
ang o~ = T * o P L U'U?;)— 2 (.,UV?:} = % ;
b3 tﬂ?S P e T M VIR R (3-45)
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Thexrefore,

- i,
NS AP - (e AL
T -
3;,::‘:7? i Vx':.};‘
. 2T m‘
: % (0%} & &

“Kﬂ'% V‘ﬂi --‘--.-L (‘"‘}3 }g_'{ _! €~5 »‘J;{f}
The factor ‘wffor the pure random surface equals unity and
the result checks well with that calculated bv Hayre and

Kaufman {1965),

In the absence of the general roughness,

g =0
JEE
G o= O (3~-472)
e O (3 ~44)
o

and Eq. {3-1)becomes

ELESS

——— \‘-Ni }:"; {- {f { '5“"- \"‘.; -“SH"-.‘ ng
i Lo . 4
s T ‘{

-..L\fh t.i;' ?:?Tf "E.‘J;(éz “ E:t:‘s’, Ee,_‘ ei"lrﬁ'__é:j"* ét
+ 5 T 1) |S

?:—C‘O 1( \fg * .I“E‘irzx)

() 22 SN 1
3 e F %)vf}

sy
o . ég,,&! iy p"“"“!'“"""‘ é..\fgé il V4,
- \F - € £ e - - R
"':" 2 3?(‘ t’.‘.gl‘%}l . {__V N ’?'W % ]
?"“‘Q & ¥ 4.;3\"
o8 Smn(‘frg""”&‘)é‘
T ii‘m}
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In the absence of both % end % , the surface becomes

[
¥

a2 mirror reflecter, and its radar reflectivity is

i o
R\ —. g e? [ Suv Y E 2 .
< E.&Ez > Eg‘zs“"' Loap F %&%: :i (3 .5'(')}
E '%,-':'::
For the monostatic case, one has
LU S 3-5t
F T coestg ¢ }
Vo= AT aanog {3-352)
Vg, “"‘}\"’ %
kg
2 Sam Ve

. -
The curves of ¥ =} vs. B, are

vE, 6% and }

v

+2
gl U decays very

L

rapidly, and the groduct of the twe curves may be approxi-

presanted in Fig. 3-3. If % im DrX,

mated by an impulse, or

E i‘_’;";f"- > —e E;:;‘, < {.62.‘? (3 ”E;Si }
< 272 Jyme
¥ ";‘i;ao

The significant texmz in the Eg. {(I-19) for the conditions
GVa <KL, OVe &4 and  ova »7 4 which correspond to slight,
moderate and very rough surfaces, respectively, have been
discussed in great detail by Beckman {1%63). Ia the case of
the lunar surface where the general random surface appears to
be very rough In terms of 3 om wavelength {as shown in Suzveyor

w2

pictures) 0¥ is indeed laxge compared o 1, Eg. { 2-19) becom&s‘
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LEETY = D{E] (350
s W -\?Z} g 1 .
and axp ~(oVaY (1~ ¥ = exp ~N)F T (3.5
Substituting Bg. {355} in { 3-30) For the calculation

of 4.1‘32 2 > . the resulting expression is

e b § 34 o) &
— — e LG Y? < hagP o . 3,
,{\ E&E—_y_ } a2 {; -y z 27 2} (.?.\!a}r* '*"\5,;15&
o lewlB
4 2{%,"3“} ?%;Q Jo {‘"{1 he) 3;{_\3‘\'} (Y, r”“ B
(VY8 = ‘
i "%" %’5%‘ E ‘30 (,Y:;’i
B ¥
GRS ) f2ee
[ (s Ve ] } :31 2563
(ovai? v (v 2V E ¥ "3 (5-36)

In Fig. 3-4, a curve is plotted using Eq. {3-55) with
the following parameters:
M= 3 om

& = .3 cm

B = 3 cm
i‘s‘#flz 1
T o= 30 meters

%’%'(.U}r- 08 exp {-.05D)

3 -

ds 5D
&2 = 550
hl = 2D
h, = .0G2D



The results of ather models (Hayre, 18582; Mohleman, 1964)
and experimental results {Bvans and Puttingel, 12863} dealing
with lunar raday return are alse plottaed in Fig. 3~4, and a .

resulits obtained by che wodel used

0]
mw
o
5
jpdu
Ty
o

compariscn of th

in this work shows very good comparison.
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i Experimental, by Evans and
Pattengill {1963}

beecd Hayre Model (1962}
A~-& Muhleman Model (1964}

DE o= Present Theoretical Medel
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Fig. 3~-4. Scattering Ceefficient Vs. the
Angle of Incidencea



CHARTER IV
RADAR RETURE FROM THE TWO~DIMENSIONEL

HEW LUNAR SURFACE HGSMJ

L3 £

. The calculationsg of averagse radar return powex in the
last chapter ware made for one-dimsnsional lunar surface
model in order to simplify the mathematical procedure. The
two-dimensional case is prasented in this chapter ‘

The data on the L¥ trajectbory shows that the altimeter
beam has an incideni angls (i%} variation from zero to foriy
degrees with respect te the outward average lunar surface
2 rada

normal, Singe I : system is & monostatic case; the

;m‘

'_,t

¢

reflection angle {@ } is ths negative of the incident angle
{6} and the lateral deviation angle (£} is zerc. (Ses
rig. 3-2.) The close~up pictures taken by Surveyor II indi-

-

cate that the general suxface is very rough in texmg of the
incident wavelength {3 cm}. The suxrface function is taken
as o composite of a random and z periodic roughness. {See
Figg, 2-1, 2~-2 and 2-3.}

The assumptions similar to those made for one~dimensional
case are made heve as well.

The return field B, for a twa“dimémsiﬁnai swprface ig
given by (Seckman, et 3%, 1983):

tr L’g

£, 0= j} wup (LFT Y dn c}.ii

“hy 4y
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ol A
L . L‘} N ™~ 2 Er . ) .‘ )
h T y i 2 p 4] L
.-i .,‘2: ]
¥ = (4»_:1}
whers
G LRWMNPWY ; N
Wy = anp (~Lpwwy ..
he PRERCETS S ) ™ % a..}‘
H
w e ‘35. (. ﬂ’\tbl'&'§ . &x? Q-L%"ﬁ'} (}p%.aus}
E 2,90 \“l{,%’ﬁ‘)
-...-e- ‘L“_ - i"'i {%‘-4'
n T ¢ Wy e }
i f - ﬁ
o = Th q = Th (45}
¢ A 2»—:0
B,y is the normal specular return from a smooth
surface
e 1 e OBl Cod 6,‘ — AR Y, é‘\n@& Cg;t.,@&
{“ anre

" - ,&_-—o %
cesd, L Cosd, b Cos e, . {\', (B;

. ) 23 .
V. = 2T L ewmO, ~ 31%@3,'}9 \f.:,‘.-. = S, Sin by G’t“’!}

( €2, ¢ Coste) (4-8}

The average power is therefore given by

Ty
V, == ~r-

Mmﬂ‘:? r
(EEFY = <N TET Y

M= %) T UE(E -3 ]

{Q;{_l} i,‘;_:. ';Et 3}’} &x;éxg c’a‘.: AA]’E (‘{fo“"?}
53
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- = - B ¢
5, = R Ohud ENE I S

.. N AR -
% o= B Vo 4y R & Ul Ha) (410

Since the roughness is isotroplc, ite corvelation be-
wween two points on the £ = 0 plane is a function of only
the magnitude of the distance between the two points Pl{}{l,yl}
and }92{}{2,};2} . Lebt the distance bebtween the two points Py

8

and ¥, be T, where

‘a‘. N eSS . -
N T (4 -1
- P - A% - ) - . o
Then {3XF1_¢,?;,(‘.§; %ﬁ} s can be treated as a one-dimensional gecond

order random process, and the characteristic function in

terms of T is found as

L= LRSS .
- pe e = {OWY T gup 7 WHLY 4823
o N - {r‘g’\ e ” & e
F(ey == wxp -l 2} m%ﬁ v S {

A4 selt of nev variables may be defined as follows:

Xy ~ X, = 7T Cos ¢ (& -13)
vy - ¥y = TSin P (4--14]
el YL V2 (4-i5)

¢ = Tan T

Now, transforming Xys Knr ¥yo Yo into Xer Yyir T o

wharn Xy = X

3
i

~

t, = X, ~ ¥Cos

<
i
e

(4 -16)



one obltaias

dx; dx, dy, dy, == |3 dx, dy, dv 4 ¢ {47}
whaxre [ aXe &y % 2
EX¥ 3y oY  ¥g
axa 2 & ¥ ¢Fe
]'j’i = FE &Y 3y 0
2y &% 2 -3
s 13
a%, bﬁl P jﬁf
3‘}* }5’1 2 % 35&
3 "EE? T ee
1 a Q O
_ } o ~Cesd  Yiwmd
G H o) 0
o t o‘;iai‘?i -'?."C.frﬁ‘:ﬁ
= P oeestde + v Swm e = T (418}

This transformation process introduces the corresponding

change of variables and limits as

2 =% gxc,m (4 -19)
5 = J% (%~ Tcosy , y, =T 5me) (4-~20)
ST L% 4 = (4~ 2
CL< Y, £ ~E% (4-22)
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The limits of T and ¢ ave functionsz of %y and y, which vary

in each interval.

in~

.
h
Bk
juiv

It is assumed thalt the zutosorralation
significantly small for ¥ greater than T/2: and that the
term myfs) converges very rapidly. Thereﬁéxa; the integral
has major contribution for small ¥ , and it i& possible to
extend the limits on T from zero to infinity.

The limits on the angle &% are integrated from ®§=‘T%?§%:%
to b = AN (“—w‘b‘ whém& X, and ¥y take on volurg between -T2
and T/2 vespechively. However, for ail valuss of Xy and ¥y

¢ is always bounded bebween zerc and 2¥.

And the transformed integral ba"ames

o-

. 3 iu}‘gf‘ {h‘ig!& ﬁai:. Fw i }( 2 ?‘g}} ?’Q.ﬁ%é;
LEE > = & T {: gg;‘ Lhate

%

+ z,sfj*rsms:wua*ﬁn“%ﬁl Ea@ Tardf o ‘3"’5?? (4-~25)
In order to avoid z divergent integral, it iz necessary

to rearrvange Bg. (4-25) by noting that

at

% €
LEE®Y = {E,y {E> + D ih;"r (4-26)
whers
A
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After performing the polar transformation
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Thus, substituting Eg., {4-29), {4-30) and {(4-31) in

Eq. {4-28) is the solution ffor {(B,> . Similarly, 1{32*} ig

obtained by taking the conjugate of the sxpressions for Iip

Iz and 13, the detailsd calculations are not repsated here.
ST TR £ref R .
5 W, Hy B e iTRY . ™ F . \>
# 5 . & * AN . ,
{Ez } i “\“ “,3_?.& & Li {'E; + 33 .E;ﬁg,
i

Dg&& - {Emﬁﬁ? -~ <8y B> is the variance of

the complex scattexing fieid, it mayv be written {Beckman,

1%63) in & form dimilar to ¥Fg. {4425} as

L L 5 Yo e .
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> LL o g 4l .e]ff'j '"\-'g- i, T )
‘ TT 006
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i §:‘ (¥, Wy~ E(L«‘} *. i.\:ﬁj = ;’f;:-% "““;,’;*t‘”‘“ B i'.@,...sgg:}
Letl N
' EAN G S 2 -] -3
wly & (p ot i o
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e t ¥y ™y
then 2 T .

pilTsag +ih gm0 ] dady, —o‘fﬂ-w}, (456
Algo, et

T [ eplied g ~ %] dx dy (4-37)
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From the geometry of the peariodie surface, it ig observed

that I {7T,$} could be szparated into three parts as {see

W

Figo 2"2) M

X,y ey = T - WA (438}
T, (e = é‘i ?.&F{We{’{i&,t = ‘}}c‘iméj{ (4-29)
T, ora) = £, e O, = )7 dn 4y, ¢4 ~40)
"gf* g, 0%, )

o RS

Now, peri‘c)r'a_mg the polar transformation fox Xyo ¥y to s,

& , one obtains

x, = R, COS & (442}
y, = R, s (4-43)
Sty dy, == 13) 4R, 46 (444
I & o %6 TG .
K—SE o~ -B“A 28 1 o= it ' .."::;{‘ LA}—&;S)
e %’%‘. S8 H C‘.ossg

i '3-;

where rl and L are

ot
o= W T Y (4-4b)
iy, = 'J X?f‘t' .
/ L
= j RE o gt -2, v Ces (8- (&-47)

the integral ovey Region IIL becones
rad e Gy do
vif d TIME ™ O
X, (_?Jép‘)-::: j .]/ R-xf[“vz‘! R Ppar
&«

l

s H’ - =* &
“!‘..‘\f.i‘_ﬁil S &&dmﬁr .,_é'....?.? R Ci’h;\-l c{@

L=dy 4
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After making an expansion of the exponential in Bessel
functions, "2 becomes
o o2 . . P oltwmeemywd
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C 49}

The origin of ‘Lhe referencs coordinates is chosen at tho

r

~centex of tha crater guch that the integral zround the rim

b

I

m

and the crater is symmetriczl to %‘ : therefore, I;‘s n

3

are functions only of T as glven below:
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with B{x,.v}, the betm function, given by
!

Ret Lot B
B Yy = f +7 -ty 41 (A ~52)
o
-and {K)nf the hypergeometzls serias, given by
(R} = X% (xH0) (xp2) = o (XFn-y (4-53)
The integral over Region III {the cratex)is
3 , 3 = — B 3 2y “L}'“S’g'
Ty = ff exp[le (F 30 ] o0y (A-59
LtqLe

A transforwation similar ‘o that for X, ylelds the following

valuve for I,

-

-:;t:g N -
- T oe ?{mi = - -Sﬁ‘- &
Ty = ;r}.:“ﬂ%ﬁf*’ﬁ“;r +Whicon 33 | dr, do
4 substitution of

T, = ﬂﬁ+“’-3wwwx“Cﬁ¢@ {4 ~56}
. S
into X, above yields ;Q

& 2 L as
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which integrated, yields

me B enn be1iy

T.evy = K; &, (s (4-58}
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The sclution is
fa -4 ~re £ . Y -, N
opsel =dworwl T v Lo e S g (464
- -

The complete solution described in Eg. (4-2&) is the product
Lt
of Bag. (4~28), (4-32} plus (4-66) ¢
The sclubtion cbtained above f@r the two dimensional
scattering from the lunar surface is valid-for all points

in space. The monostatic radar where the parameters in

(BB, * > are

G, = -8 (4-47)
0, = e qf} ~6§) ‘
r o= C.j*&"é‘; L (AeT)
W = 4 (4-702
Yy = (4-7h
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¥

The final solution of the radap return power (E,R.°
is expressed in texms of a set of conditions, and terrain

parameters. The raday antenna ordentation with »espect

to the surface norxmal is substitutedfor B,: ¥

- and vz and

¥, is thus detexmined éﬁa@xéiﬁgi -  The veriance g and
the corrslation éi@iaﬁaa B are thﬁ-xaﬁé&ﬁ?ﬁﬁzfaﬁg'Qhaféc
teristics, and may aszums different values which zan be
fitted for the description of a cextain section aiémg‘tha

)

¥ approach. The variablas hip hzﬁ &lp and dg are iinear

gl

Functionsg of D, the crater dlamster, which is a random
variabie'with an independent probability density Function
p{d} which is nonuniform over the whole landing track,
However, pl{d} may be approximated to ba plecewise uniform.
Thus, with the aid of the compuber, the regquired radar

return degradation ¢urve can also ba caloulated.



CHAPTER ¥V

CONCULSION

A very realistic lunar surface model description using
a superposition of a sinuscidal qguasi-periodic component and

a razncomly rough conpenent surface is presented. This model

e

iz believed to represent Iunar surface conditions and the

regularily existing rough features such ag zraters, hills

and boulders as shoun by the Survevors and Qrbitors photographs
The solution ¢f the vadar signal rebturn baéeé-an thig

new model iz caloulated using Lhe scalay Helmhcliz Integral.

The result is verified for various conditions such a3 when
the random componsunt oy the quasi-paricdic component or both
become zero, respectlvely. - In all casas it is-found tﬁat:
the result checks well with the warﬁ Q@?crtéé‘prévioﬁslf in
the literature by other authors,

The ong-dimensicnal and the two-dimensional radar return
calculations are included with their implications. The
scattering from a short range radar, where the beam crosg-
section area ig small compaved to the dimensions of the
surface, the one-~dimensional solution is appropriate and
norecver its evaluation is simpls, whereas for long range
radar return it iz necezsary tc use the two-dimensional
salution., One must gm@l&g.a‘sgherieal wave instead of a

plane vave for very low altitude retura.
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The superpesition of one or more guasi-pericdic and

random components zs used or the lunay surfzce ”'do“1nq

may be extended to model sevaral other types of terys in.
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