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ABSTRACT

A lunar landing trajectory, landing module electronics
and radar doppler and altitude beams, and the associated
probable landing sites and along-the-trajectory lunar surface
were modeled for ultrasonic simulation. The model time was
selected to be tbe real time in this simulation and the model
doppler velocity and altitude beam widths were identical to
those of the landing module. This objective was achieved by
appropriate masking of the 1.0 megacycle (corresponding to
10 GHZ radar frequencies) and 0.9 megacycle lead zirconate
piston transducers of 1.0 inch diameter.

The entire trajectory was divided into three sections:

A (altitude 25,000 - 17,950 feet); B (17,950 - 3,400 feet);
and C (3,400 to 200 feet). The doppler distance and velocity
scale factors for these sections were 300, 300, and 78; 6850,
6850 and 1080; and 6 x 103, 6 X 103, 1.56 x 103, respectively.
At thirty points along the trajectory radar cross-section, data
was taken. Dynamic data was also taken and tapes supplied to
NASA Manned Spacecraft Center. Statistical analysis of this
data was also carried out.

~ Theoretical work was also performed and verified by simu-

lation results in the area of LM radar return bias by lunar

surface and probable errors in the IM altitude as a function

of the lunar surface perturbétions.




CHAPTER I
INTRODUCTION

A Lunar Module (LM) trajectory was supplied by NASA
Manned Spacecraft Center to the University of Houston, and
a number of praobable LM landing sites were pre-selected
from Orbitor II data by NASA, MSC. The basic objective
was to simulate the probable lunar surface bias on the LM
radar signals so that the resulting data could be coordinated o

with work performed by other NASA MSC contractors on LM

project.
¥
The following is a list of major goals of this program:
1. sSurface Models f
' 2. LM Radar Simulation
.3. LM Electronic System Simulation
4., Data Recording System |
5. Trajectory Simulation
6. Lunar Surface Bias - RCS Cross-Section at Points
Along Trajectory
7. Dynamic Data }
8. Theoretical Work “ {
9. Analysis | F o
2 Each of these objectives was met and is reported in detail in 1

the following chapters. 4
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NASA MBC supplied the parallel-~to-serial converter as
well as the magnetic tape recorder. The delay in the formal
report was caused by various equipment failures not within

the control of either the University of Houston or NASA MSC

and its other contractors.
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b CHAPTER ITI
SIMULATED LUNAR MODULE SYSTEMS

2.1 Ultrasonic Simulation of ILunar Module Guidance and

Control Signals

The lunar surface features affect lunar module altimeter
and doppler velocity detector signals and it is desired to
simulate both the lunar surface effects and the landing tra-
jectory on a computer or in a laboratory. Various factors
‘% such as long distances and very fast velocities in portions
of LM descent suggest ultrasonic simulation to be the only
realistic controlled laboratory method to study these effects.
In this work the said trajectory, the altitude and velocity
sensors and the signal waveforms and beam shapes, etc., were
simulated using 1.0 and 0.9 megacycle source frequencies.

Lead zirconate cylindrical transducers were employed with
special lenses to appropriately shape their beams. The lunar
surface was modeled using the latest NASA Surveyor, Ranger,

and Orbitor data obtained from high and low resolution cameras.
The simulated trajectory position can be located within plus- " J
minus one hundredth of an inch in x and y planes, the pitch | }
angle of the *tiransducer package is adjustable‘to within 10.75 mm/sec i
over an integration period of 0.1l second, and the altitude varia-

T tions of the order of *1.524 mm can be detected. The surface 5 J

features and their return have also been successfully simulated. |
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2.1.1 Electronic System

The NASA radar LM system was modeled by an electronics
systems shown below, where the modeled radar beam wid:hs were
exactly the same as those of the LM doppler velocity and alti-

tude radar systems.

2.1.2 Doppler Velocity Channel

Each doppler velocity beam information is fed into the
counter every second at intervals of 1/3 second in a cyclic
fashion, thus sampling all three doppler inputs.

A typical doppler velocity channel consists of 1 MHZ
crystal oscillator which feeds a power amplifier, a line driver
and subsequently the doppler transmit transducer. The doppler
receiving transducer signal is RF amplified and fed into the
line driver for input into the squaring amplifier and level
converter for the counter. The RF amplifier output is also
available for the mixer, whose reference input consists of
signal from the 1 MHZ crystal oscillator for mixer output.
Furthermore, the RF amplifier output is passed through the log-
linear amplifier and detector and level converter for recording

of the signal envelope.

2.1.3 Altimeter Channel

A sawtooth generator is used to generate the LM sawtooth

in real time to drive the voltage controlled oscillator which

in turn feeds a line driver and a power amplifier (x-ducer driver)




for altimeter transmitter-transducer as well as the reference
signal to the mixer. The altimeter receiver transducer signal
at 0.9 mHz is amplified by RF amplifier and fed into line
driver and limited by a limiter and its output goes into the
mixer for generating the difference and sum. The mixer out-
put is filtered by low pass filter and converted to dc level

cerresponding to the input freguency and tape recorded.

2.1.4 Motor Controls

Both the x- and y-drive motor velocities are monitored
at their control tachometer readouts in volts and reduced in

level for dc signal recording.

2.1.5 Position Controls

Both x~- and y- positions 0of the carriage are referenced
to a given point. For instance, the target face is located at
y = 25 7/16" and the effective (for us) target length is located
between x = 25"and x = 150".

Each of the positions are monitored by shaft encoders
whose output is digital form for tape recording and decimal form
for display on nixie tubes is available in the control room.

The above is also true of ¢he pitch angle of the trans-

ducer pachage.

2.1.6 Transducer Package (LM Radar)

The relative position of all the three doppler velocity

beams and the altimeter beam is exactly the same as for the LM

radar.
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2.1.7 Signals Recorded

2

The final maximum output of this system consists of the
following signals:
1. Horizontal Velocity (dc or slowly varying dc)
2. Vertical Velodity (dc or slowly varying dc)
3. FM Alt. (dc or slowly varying dc)
f . . 4., Halt Over-ride - Digital
> 5. Gated Clock - Digital
. 6. Serial Output - Digital Data Doppler 1, 2, 3, Horizontal
f Position, Vertical Position (time multiplexed)
7. Envelope Doppler Channel 1
8. 10 KHZ Clock

9. Envelope Doppler Channel 2

4 10. Envelope Doppler Channel 3
11. Pitch Angle
1
2.2 Modification of Ultrasonic Beamwidths by Aperture Control 1
The narrow pencil beam of an ultrasonic transducer can be
shaped into a fan beam by appropriate masking of the transducer
aperture. The mask described herein was elliptical in shape
with semi-minor axis one half the semi-major axis. As expected,
the far field pattern parallel to the semi-minor axis was found
to be approximately twice that parallel to the semi-major axis.
¥ |




3

Summary of Beam Width--LM and Simulated

Doppler - Transmiter 3° 37' x 8° 04"
- Receiver 7° 39' x 12° 15°
Altimeter - Transmiter 8° 8' x 4° 4°'

- Receiver 11° x 7° 10!

The far field patterns of various shapes of apertures have
been derived by many authors. Several methods of shaping beams
from such apertures have also been described. These include
lénses, reflectors, aperture control, preformed transducer ele-
ments and a combination of sources. The method of beam forming
discussed here is that of controlling the aperture to shape the

beam as decided.

2.2.1 Theoretical Discussion

Consider an ellipse lying in the x-y plane as shown in

Fig. 2-14,
£
i
e (ooyffy‘
—~ PiT,0,0)
A e N
; ‘ /‘vl,,/? Ry T - |
RN /T
P , ¢/

Figure 2-14
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‘ The change in pressure at a point P due to an infinitesimal
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area of the aperture is given by:
iy
. ok e - e ]
= U =T 4 2-1
dp= Lomm wds ¢
where =
= Equilibrium pressure
5 = Wave number
|
u = Particle velocity
c = Velocity of propagation ;
ds = Infinitesimal area of aperture
By methods of analytic geometry,
| 5
¥ oo [ 7 gt - 2rgcescemy) s o] 22
H' -
Expanding Eq. 2-2 by the binomial theorem
1
N [)
Y| — (T'l + S;L)é + _é_ (Yli- §1 )/z.[__ Z_Y'?C_O5(‘b"+) Smér-]‘*' e-»
_S’: L cCos{p-¢p)sinB: 2-3
= T % 35 ¥
I A R .i: + ...] :
[— T 27’ z' 3
Since .Y >>§ |
TICZ Ty —§ Cos(p-¢)Sné 2-4
. ,




And s

l = ' 2-5

Upon substitution of Egs. 2-4 and 2-5 into Eqg. 2-1,

: (wt -RT) ke cosd-d)sine .
dp = Rek s et e s ) 26
27y jj
Integrating gives
P e Lﬁdt~&T{5' L&?Cps(¢~¢)s\ne 4 2-7
= L=
P omr * € A S
But ds = ¢d¢dy. Therefore
¥
(wt ~RY) it (9* (&€ Cos(b-¢)s\no | -9 1
P =K e . { § e dg?d«r
o o
where
x = tRCkU and |
' 2Ty
$" = e
[t w4 v b cosy
L
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The integral in brackets becomes

» \
%1 S B Cos ($-9)

(B absSime Cos(P-¥) B ab sime Cos(d>-q:)>+ I
e ‘ra.,‘ S ¢4+ b cost W \ - \[G‘ZS\W’.l‘)""blCo)% q’

Then

—

| . -
VAt i+ BrCosty ('_ Na*seip + b cos'y )* ‘] d\}’ 2=9

ef.(\*’t - &T) % Lkabsing Ces(fb"\v) RabswOces (Q"‘w
Rrom e ) Cospw) [

" This reduces to

W(wt -RY 27 bk Sins Cos(d-¢) - | | 1
L ) e /\Ia}5|v\“¥+bscossq’ <t~ L&QESW\GC()S((»’E)&* 2-10 1

y P= kst e cos" (¢-¢) Jalsintp sty

i

since
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S d ¥y =0
Cos ($-¢)

Suppose now that b = a. Eq. 2-10 reduces to the well known

expression (1) resulting from a circular aperture. Let the

N 3 db beamwidth of the circular aperture be o degrees. If % ‘J

b = a/2 is now used in Eg. 2-10, the resulting expression % |
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Y,

applies to an elliptical aperture with semi-minor axis one-
half the semi-major axis. The pattern parallel to the semi-
minor axis will then have a beamwidth 2« degrees while the

pattern parallel to the semi-major axis will be « degrees

in width-

2.2.2 "Experimental Results

The experimental arrangement used is depicted in Fig. 2-15,.

Acou 5 TVC TANK

TRANSM I TTER
\

\ /
\\ ,/
\\ y /

- Ve
AN -

RECEIVER e —
Fig. 2=15

The apparatus consisted of a stationary transmitter with
masked aperture and a movable receiver. Receiver position
readout was provided by an indicator arm whose motion across

a circular séale was synchronized with the receiver motion.
After the pattern in one plane was obtained, the mask on the
transmitter was rotated 90° for the pattern in the other plane.

The patterns for the two orientations of the mask are shown

in Figs. 2=-16 and 2-=17.
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2.2.3 Conclusions

The transducers used in this application were 1 MHz
¥ Piezoelectric type. Without the mask, the beam was circular
with a beamwidth of 3.5°. Reference to the 3db points
on the curves of Figs.2-16 and2-17indicate a width of approximately
g° parallel to the semi-minor axis and 4° parallel to the semi-
major axis when the aperture is masked. This is in very
close agr=ement to the theoretical conclusion in that if

0

A= 3.50, 2« = 77, whereas the experimental values are 4°

and 80. . j
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CHAPTER III
SURFACE MODELS

svriace Me fosg o

A surface heigir S$&Yimay be considered a spatial
random process, and its special inhomogeneous features
may be incorporated in the model in a manner similar to
that used for LM (Tong and Hayre, 1967). The statistical
parameters of a surface can be modeled reasonably well by
assuming §i&3)to be the superposition of a random component
Sn“ﬁﬂ and one or more quasi-periodic components Ehﬁmj), in
keeping with the limitations of the validity of the Kirch-
hoff-Huygens integral.

The randocm component 2wy is the height function rep-
resenting the general and relatively uniform roughnesé. It
has been shown (Hayre, 1961) that a large number of naturally
occurring rough surfaces may be said to have their heights
normally distributed above and below their zero mean value

and the probability density function of heights is given as

~h
P(h) = == axp (F& 3-1
V27 a* ' ¢

where
h = height, and
¢ = standard deviétion of heights.
In order to obtain a complete description of a rough surface,

the knowledge of the spatial height distance correlation

function is necessary as it, among other things, indicates
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whether the protrusions are crowded close together or are

widely separated. A widely used correlation function c(7)

is
C(r) = o axp( o ) 3-2
where
T = distance between two points on the reference plane,
and

B = decorrelation distance, where c(%) is equal to o'&

A contour map study by Hayre and Moore (1961l) showed
that an exponential form of the spatial correlation function
is often a realistic form for many surfaces as

-~} -
c () = o exp (Tg) 33

The variance ¢ and the decorrelation distance B are the
intrinsic parameters of the surface. A description of sur-
face roughness described by 0 and B (Hayre, 1962) is used
to depict various types of roughness in Figures 3-la, 3-1lb,

and 3-1c.

The quasi-periodic component !ﬁxﬁ)represent a special

surface feature. fﬁﬁi)is assumed to be divided into intervals

of T, each interval containing one such special feature as

shown in Fig.3-2. Since %wqpfmay not be located periodically

from one interval to the next, it is therefore a quasi-

pericdic random process. The distance x from the reference
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point is defined as
X = (n+ %)T +X', 3-4

The functions X%&¥) and %03) may be assumed to be
statistically independent in.some cases. Whereas for other .
rough terrains, a realistic description would require a

~specification of cross correlation between %5(xy) and %(xﬂ).

f However, the added complication in the calculation of the
radar return may bhe difficult in such cases. This applica-
tion of such models of a few rough terrains occurring in
nature is discussed below.

A. Sandy Desert. The sandy desert surface roughness

depends on the natural process such as wind and

rain. In general, a desert profile is mainly

shaped by wind which usually does not blow in cer-
tain preferred directions so that the surface
periodicity may not exactly apply in general and

the quési~periodic surface_% may therefore be set

to zero. The surface function may then be represented

only by the random portion '%, which for this type

J

of sandy desert is a 1arge-5cale—rough-feature havingg
~%>>1 and:%??l as shown in Figure 3-3.

However, a directional wind may shape the sand hills

into a quasi-periodic surface, thus the surface

,)&4

function ¥ is the combination of a random component | d

b

B

]
4
St
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»

3, and a periodic component ﬁ,. The dimension of

a sand grain is usually small'compared to 4£he normal
radar wavelength (centimeters). Therefore, %» and
é} is very small, and the uniform random roughness
may be the ineffective surface feature insofar as
nonspecular radar return is concerned. Thus the
surface function has only the guasi-periodic compo-

nent as in Figure 4 and such a desert surface model

may be described by a sinusoid in one-dimension as
(X) = H sSin 2% X -
3 T 3-5

where h or T or both may be random with a certain
probability density function.

Hills. 1If the vertical and horizontal dimensions

of the hills are large compared to those of the

radar beam c:uss-section, and it essentially slopes
in one direction, the calculation of the surface
reflectivity may be approximated by a one-dimensional
surface representation. The surface ¥ is the combi-
nation of the uniform general roughness j& and the
guasi-periodic component. The general roughness

has the usual statistical parameters, such as the
autocovariance function c(?) of the form exp (j%L)

and the stardard deviation ¢ . The component ﬁ,is

triangular in nature and one can assign a probability
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density function to the height h as shown in

Fig. 3-3 whereas h and d are linearly related.

In case of low hilly terrains, where the radar
beam cross-section is large compared to the sizes
of the hills, the one-dimensional model is no
longer applicable, and a two-dimensional surface
description is necessary. The general random
component is the same iﬁ all cases, but the quasi-
beriodic component.‘%,may be taken as an array of ) 1
cones. In a way similar to the lunar model with
" its crater—-array, the cones are assumed to occur
once in each sample interval and the axes of the J

cones coincide with the centers of the intervals.

One particular cone is shown in Fig. 3-6, where h
and d are related. The density distribution of 4 .

may be assumed to be of the one-sided gaussian form. 1

2

P(d) = v ot -&XV (:i%?) u (Gt‘.) 3--6

or Rayleigh

S ,
20‘) U (d) 3-7

P(d) = -2 & (

C. Forest. The desdription of forest for the calcula-

tion of the radar reflectivity can also be appror-

riately modeled by the use of the superposition A

method. The random component 3% is applicable in

Gt ot R e
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all cases. Its characteristics are the standard

deviation and the decorrelation distance B. The

periodic component, however, may have different

descriptions for various kinds of trees. The Arctic -
forest may best be treated as the superposition of

a random roughness and a triangular cone array,

while the tropical forest is thé combination of a

random surface and a global array. In all assumptions,

the array parameters may be linearly related to one i
random variable, which has a definite probability | |

distribution.

The superposition model of a random and a periodic

4 component seems to describe most rough surfaces for
the calculation of this radar reflectivity. The | |
random and the periodic component each has its own
flexible. but mutually independent probability den-
sities and this enables one tc obtain a solution | B !
which although complicated is still mathematically |

manageable.

7
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3.2 Ultrasonic Modeling of Lunar Approach of the Lunar

Excursion Module

This section covers the ultrasonic system modeling of
the LM system and the lunar surface for three possible landing
areas, P-6, P~-8 and P-l1l, selected from Orbitor II data, as
agreed to between NASA - Manned Spacecraft Center, and the

University of Houston,

3.2.1 Modeling Factors for Ultrasconic Simulation of LM

Landing Trajectory

The modeling scheme presented in thissection is based
on complex nonlinear ultrasonic scaling of radar system param-
eters. In short, this means distances, antenna velocities
and frequencies may be selected independently in accordance
with the size of the ultrasonic simulation facility, whereas
other parameters such as doppler frequency, wavelength, time
delay, etc., are then specified in terms of the previously
specified parameters.

The transducers to be used in tﬁe simulation are piezo-
electric type and are designed to operate around a center fre-
quency on 1 MHZ. The velocity beams of the LM radar operate
at 10.5 GHZ. The ratio of radar frequency to the ultrasonic
frequency of one megacycle/second gives the frequency scale
factor, fx . This and other factors are listed in Table 3-1.

In order to simualate the large lunar distances properly,

two or three model surfaces are being prepared for each site

i

RS, B
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TABLE 3-1

SCRALE FACTORS USED IN LUNAR BIMULATION
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as discussed in the later sections. Each medel surface will be
10~12 feet in length and 4 feet in width. Each model surface
represents the area traversed by radar beams during different
sections of the LM trajectory. One of the models represents
the lunar surface within half of the probability ellipse for
that site while the others will represent the lunar surface
along the approach to the ellipse. The probability ellipses
are 7.9 km along the Eag¢t-West direction. Therefore, the dis-
tance scale factor o for this portion of the lunar surface
is the ratio of 7.9 km/2 = 12,950 feet to 12 feet, listed in
Table 3-1.

When the LM is at an altitude of 25,000 feet above the
lunar surface, the distance to the landing site is 177,000 feet.
After scaling the portion of the surface within the landing
ellipse, there remains 164,050 feet of the total approach path.
This remaining distance is scaled to 24 feet which is eguivalent
to two 12 foot models or one 12 foot model with double strip
each to be traversed in the two consecutive runs. The distance
scale factor along the approaéh is the ratio of 164,050 to 24.

This produces the scale factor ‘rsz R

In addition to the frequency and distance scale factors,
the scale factor for the velocity of propagation Cs is defined
as the ratio of the velocity of light in air to the velocity of AR

sound in water. Table 3-1 shows this and all other scale factors f iJ

used in this study.
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The primary consideration in selecting simulated antenna
velocities are the maximum and minimum velocities which may be
obtained by the primary (longitudinal) and secondary (cross)
carriages of the acoustic facility used to position the trans-
dacers with respect to the simulated lunar suiface. Sirmulation
velocities are also limited by the size of the water tank.

The velocity scale factors were so chosen as to limit
all simulated velocity variations to lie between the two extremes
dictated by such physical limitations. Because three diféerent
component surface models are expected to be used for each site,
three velocity scale factors, Vgr = 1.56 x 103 for the simulated

s2

the approach as shown in Table 3-1.

ellipse area, V = 6 X 103 for velocities at upper altitudes of

These scale factors and the coordinate system shown in
the diagram below were used to scale different LM radar parameters
such as distance, velocity, acceleration and (approximate) time
measured from the starting point used as a reference are given in
Table 3~2. All unprimed parameters correspond to the landing radar
while the primed ones indicate the scaled parameters.

Diagram of coordinates for parameters in Table 3-2.

LM

w—l
»

Landing
Site
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MODEL 2 - RUN 2
X X' ¥ Y Vx v vy vy
Lo | — : *
35K { 0 17.95K | 2.62 | 1225 | .079 | 125 )} .008 |
: %
100¥ .70 | 18.4K 2.69 | 1360 | .083 1306 | .0083 !
1.07.5K 1.80 | 19.2 2.80 | 13926 | .089 134 | .0086
125K 4.40 | 20,8 3.04 | 1650 | .106 141 | .009%
150K 8.00 23.0 2.36 1820 117 145 5093
177K 12.00 | 25,0 3.65 | 2020 .15 147 L0094 |
"i' ,A}.v Wi | dx, oLy t
y | 14.0 | 1.43
1.36x10-3 | .91x10"4 16.3x10-3 | 1.09x10"3 | 5.5
14.9 | 1.49
1.23x10"2 | .49x10-4 34.8%x10-2 | .59x107" 8.1
16.1 | 1.54
1.47%x10-3 | .41x10"4 17.6x10-3 | .49x10-3 17.0
18.9 | 1.62 o
.§2x10-3. | .19x10-4 9.8x10~3 .23x1¢~3 20.8
20.9 | 1.66 :
96x10-3 | .096x10"4 11.5%10-3 | .115x10-3 | 20.8
23.2 1.69 "
]
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Yhe duppter fuxxquencles at 2ll points hawe not o we:

bew: ’chareined. I€ V], V] and V4 ropresont the vslomitiny

along the velocity beams and Vg, v; the horisontal and
vertical oommponants of velocity, then

V; - fiv; - }ﬂgv;
7= (v + vy
where thel“are constants for a given pitch angle. The
doppler frequencies along ‘he besms are related to these
velocities by
]

2f£' :
fnl = féz- —Er [/'},V,”( +. f’4v;

5, = e [1sg - Ievy]

Preliminary calculations indicate thess frsquenciss will
lie bstween 0 and 150 HZ for all points along the gimulated
trajectory.
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¥

d 3.2.2 Lunar Surface Modeling

The LM radar beam covers a distance of 177,000 feet on

the lunar surface during its final journey. It approaches from

the. east and is expected to land on a pre-selected probability

ellipse with major and minor axes of 7.9 and 5.3 km respectively,

as shown below:

R
7.9 KML e —
. e
- ) /-’-—--'::::’::i\' -.-_-_;?....w... |
gi?g;gg ? 5.3 KM Out extremeties of landing zone
P Ao o ’ depending on the time of landing J
e . . 4

177,000 feet

X T L mmmw\‘\\

It is assumed that the vehicle is going to land near

the center of the landing ellipse and that more detailed data

is necessary for this area. Therefore, scale models are J

designed for the ellipses, while the rest of the approaching

“track is simulated at smaller scale. 'J
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The lunar surface roughness is assumed to be composed of

3 random component 1%& and a more or less recurrani camponent

%o -

Random rouaghness H

f (-(;gJ' =0

The criterion for roughness for vertical incidence is

-{%" = ,125 for vertical incidence [ﬁay:e 1962]

The recurrent componentc of surfece roughnessj;b ie made up of

* cratexs , crater rims, and hills as shown Lelow by one typicel
segruent of it |
b Crater
l'—'l:’ —“‘ = = h
| D= ah, b 2 /40@-7
L h, wiRon a” 2 3ad<b> & 30
Y
Sun elsvation: 28,19 R area » 353 x? ftz
#,ﬂ,#~1u_%h o 4¢.,9 !2 m2
+ /""‘ , .
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. Site IT P-8 Scale: 1080:1
Sun elevation: 27,80 (kM) x 3281 =
. o5 3.03 ft/Km

(1om) x 3.281 x 12 _

1080 .363 in/10m

O Y —
| Area = 358K2ft?
é = 32.9K2m2
?
Significant Hazards
Depth Diameter| Mean h! h2 Number | Area |V Arei
. 19m 51m 17m 1.7m 1
19m | 1.85" 62" .062" 1
n 35m | 95m 31.7m 3.17m 1
3.44" 1.14" .114"
. 47m | 118m 39m 3.9m 1 1
~ , 4.25" 1.4" 24" W
74m | 200m L 67m 67 1
7.3" 2.43" .243'
Othes®
11.4m—>22.8m | 17.1 | .12%>,275" | .012%—%0275" | 11,632 |2.56K“m? 7.8 ;
41" 825" | 62" | {
iy —-— - " ‘
; 22.8m-~34.2m | 28.5 | .275%—>.41" | .0275%—>.041" 610 .423k% | 1.3% J
.825">1.24" [1.03" |
s ' , — . N
| 34.2m—45.6m [39.9 | .41"—>.55" | .041%—>.055" 215 [.266k%2 | .8% 1
1.24">1.66" |1.45" |
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b Site II P-~1l1 Scale 1080:1
N o) N )
Sun Elevation 28 (KM)lx 3281 = 3.83 ft/Km
Area = 388K2ft2
T
- 32.9K2m2 (10m) x13.281 x 12 = .363 in/10m

-
i
| 1
#‘ Significant Hazards
Depth Dianster Mean R, hy « Nwmbei Axea | L mﬂ
! 66m t8um 60m 6m 1 | |
{ 2.4" 5" : 2.18" .218*
: Others - T |
o
11.4m—>22.8m| 17.1m | .12°+.275" | ,012%>.0275" {8840 |2x%m2 | 6.1%
.4L"—.825" | .62" ; | 1
. + i |
22.8m -»34.2m | 28.5m |,275"—>.41" | .0275">.041"| 324 |.21x? | .eas |
.825%>1,24" | 1.03" ' - | j
1 M.2m—45.6m | 39.5m | .41">.55% | .041%—».055" | 139 |.10m2 | 55 J
1.24"—>1.66" | 1.45" - ¥
! |




53
farthey study of the ellipticel landing zone and ilts
wodaliing wuggosts that Sites P II-6 and P I1-1) approach
areas be modeled con separrts portions on the aame 4' x 12!
fraine without their respective features overlapping throughout

the entire radar bsam covarage.

7.3 2.18"

\ ) -—
PII-l |—— — — = = - — — L e e e o e o
pxx-ll—-.____f_.....__ﬁ_‘o____-

The significant hazards withir the elliptical sites will
be modaled using linear scale factor technigues vhersas the
other smaller craters with their zize and loccation randoﬁly
distributed over the entire model plane will be mcdeled with

similar distribution of protmberancss ir a rardom fashion.

3.2.3 Approaching Radar Track

The approach zcnes which extand approximately 164,050 faet
lr; simulated bvr two sections, each 82,025 feect in length, and
modeled by 4' x 12' gurface e&ach, as shown belcw.

Ecale: 6850:1




A clore study of the medius resolution pictures ot the
Arve aelecind siles Andioatss that Sites P IX-6 and P 1I-8
should be modeled oo the sape plane. Since the roughness of
the sections A and B of these two sites ars dotted sections

by craters while sits P II-1l1 is hilly. Thereofore Bite P II-1ll
has to be modsled separataly.

A & B Bection 12° Bcale: 6850:1
P r:-c&— ol .L".’!.’";.G?.’..‘& - .46 7t/Km
‘ P u-':—— -—:—-. e .!L",‘i‘}...._“‘ 3-;3}_.’_‘.}3 - 057 {n 10 |

P iY~-f Hezards

———— b — -

Dapth Dismetar k, ha
, B s | 2w IMm 3.7
: 235" .64" .21 | .o21" 1
: [5. sta 1480 T |
: .Nn° .85" .28" | .028" :
e P PR - il
-‘ c. 1l06m 280m 9€.5m | ¥.65m
6" 1.6" J58% | ,058"
: (5. izam | 375w | 122m | 12.% |
| | RTL 2.15" 2% | .072" |
£_11-6 Bazerds |
E. 1l05m 205n 95m 9.5m 4
.6 1.63" .54° | 054" |




B Section of P II-11

«O El),
|
| .QQ c
bQ
EP
£
| Site P II-11 Hazards Scale 6850;1
} ,
‘» Depth Diameter h, hj -48 2t/
.057 in/10m
| A, 47m 126m 42.5m | 4.25
| .21" 738° 24" | .024"
B. 4%m 134m 450 4.5 Rills
.28" .77° .26" | .026" G. 26lm 1.5°
' c. 6 1 188m 62.5m | 6.25m H. 286m 1.64"
, .385" 1.07" 33s6" | .036Y I. 320m 1.83"
D. 76m Wl 213m 7im 7.1m
.45" 1.22* .4° 04"
, + -l
! E. %= 256m 85m 8.5
.54" 1.47° 49" | 08"
# I‘:ﬂ
P. 133m 360m 120m | 13m
.76" 2.06" .69* | .o7"
Semscnd
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}
. | SIGNIFICANT HAZARDS
Dcpgh Diameter hl h, dumber
24m 65.5m 21.7m 2.17m
1
.87" 2.18" .73" .073"
74m 200m 67m €. 7m
)
2.68" 7.3" 2.43" .243"
OTBER CRATERS
~— “ T . " ™ r
} Diametex Mean |- h, h, Number! Area |% Area’
0 il -
| 11.4m —~~22.8m|17,1m 5345 |1.238%m2|3.75% .-
. .41%— 825" |.62" .12"—.275"| .012"—%C275"
1 | ~2K2m? 6%
L 22.8m->34.2m |28.5m 289 K™m .
éf .825"—»1.24" [1.03" 275", 41" .0275"—>, 041"
% — :
: . .34.2m—45.6m |39.9m 92 |(.115K%m2| .35%
' 1.24"—1.66" |1.45" |.41%+—.55" | .041%>.055"
i
{
!
§
%




The following is a complete summary of sites and

their major characteristics and scale factors, etc.
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DOPPLER SCALE FACTS

.(10”/10‘) (3 x xo'/ 1.2~ 103) o
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caxa? (v, /o)

3. 7

2 3

- 5x 10¢ . 6x 10° = 200

Figure 3-11
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i Figure 3-12
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3.3 The Worst Case Lunar Surface Model

The lunar surface features are known to be of many
different geometrical shapes, such as:

a) Rills (valley)

b) Ridges

c) Hills

d) Craters

e) Boulders

f) Ridge intersecting craters

g) Multiple craters, and

h) Boulders or rocks inside craters

It is therefore desirable to design a surface model
consisting of all the above mentioned elements in such an
arrangement as to bias the altimeter radar signal in the
worst possible way. Such a model shall be constructed for
ultrasonic simulation of the landing module radar signal
return.

The reflection data obtained from this mode of very
rough surface will be compared with that obtaired from the
landing-site models in order to check the validity of the
existing LM landing radar simulation system now under progress.

Furthermore, a set of scattering patterns for a range
of incident angles shall be obtained for correlation analysis

in order to establish a criteria to indicate the presence

of certain rough features.




R,
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A sketch of a possible worst case lunar surface model

is shown in Fig 3-17where the most significant features are
the rill and ridge which run side by side. This arrangement
shall be used to examine how the altimeter radar signal would
be backscattered from such widely different variety of re-
flectors and their inter-structures as the corner reflector
formed by the intersection of the rill and the ridge.

The biasing of the altimeter radar signal depends on
the surface roughness, the radar altimeter antenna orienta-
tion and the range from the lunar surface. Fig3-18shows
the radar beam coverage of the lunar surface as the vehicle
is descending along the trajectory in the form of the areas
covered by the radar beam in one averaging period which
covers 30 frequency modulating cycles. This information is
necessary in order to determine the importance of the hazardous

features existing along the landing approach cf the landing

module trajectory.
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f CHAPTER IV

RADAR RETURN FROM LUNAR SURFACE

4.1 Radar Reflectivity Model for LM

Previously, lunar surface models have consisted of randomly
varying surface heights and isotropic surface height distance
f correlation functions or some slope distribution with isotropic
property of sectional correlation functions, and finally a
superposition of various types of surfaces such as, for example,
small and large scale. These models do not seem to represent
the craters which are superimposed over the random height varia-
tions. It is this aspect of rimmed craters superimposed on the
two-dimensional distribution of surface height with each com-

* ponent surface having its own statistical parameters and yet
being statistically independent of each other which is used to
calculate the monostatic radar return for LM system at various
angles of incidence. The unique features of this surface model
are that a random variation of the period between the rimmed
craters allows their realistic spatial distribution as well as
size distribution which has been found to be exponential from
Oribtor I and II photographic data of medium and fine resolutians.
For near vertical incidence the return power isrcalculated using
scalar Helmhbltz integral and then reduced to a few special

cases such as when the randomly varying main crater diameter

tends to zero and the random period or distance between crater
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centers to infinity. The results seem to indicate that this

model may be used to generate almost all types of randomly

rough surfaces.

4.2 Lunar Landing Module Reflectivity Model

Previous lunar surface models consisted of randomly vary-
ing surface heights with isotropic surface height spatial
correlation functions or sectional correlation functions or
some other surface slope distribution. Furthermore, a super-
position of various types of surfaces such as small and large
scale roughness were also employed. These models do not seem
to represent explicitly the lunar craters which are superimposed
on the random height variations. It is this aspect of rimmed
craters superimposed on a two-dimensional distribution of sur-
face heights with each component surface being a random variable
but statistically independent of each other that is used to cal-
culate the monostatic radar return for the Lunar Landing Module
guidance and control radars at variocus angles of incidence. The
unique feature of this surface model is that a random variation
of the spacing between the rimmed craters allows a realistic
spatial distribution as well as size distribution which has been
found to be exponential from Orbitor I and II photographic ’

data of medium and fine resolutions. The near-vertical incidence

radar return power is calculated using a scalar Helmholtz integral

and the results are then reduced to a few special cases such as




one generated when the randomly varying main crater diameter

tends to zero and the random period or distance between crater
tends to infinity. The results seem to indicate that this
model may be used to generate a wide variety of randomly rough

surfaces for a calculation of their radar return.

4.2.1 Summary

An clectromagnetic wavefront iacident on an obstacle
induces a charge thereon which causes each point on its sur-
face to radiate secondary waves in all directions. Each
poinc acts as a Huygens source and this phenomena is termed
scattering, and physical optic techniques may be used in
order to analyze the scattering. The re-radiation from a
surface illuminated by an electromagnetic wavefront depends
on such surface properties as its permittivity, permeability
and conductivity. In theory, a complete knowledgye of the
surface parameters and its roughness would yleld its scatter-
ing pattern for a given source of the in:ident enerqgy, although
the colculation procedure is very complicated in the case of
a randomly rough surrface. Therefore, c¢ectain assumptions
given below musz be made to simplify the mathematical manip-
nlation and Lo ensure the validity of the resulting solution,

a) The incident wave is monochromat ic

b) The polarization of the incident wave is linear




P'REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR:

- - ———— e ——

) The dist. nce between the source ard the reflocting
is Yarge compared to the  uarface dinension,
;0 Lhat o woafront may be treated as a plane
v, and
) "Ma edge effect, shadowing, and wultiple scattaring

yro assumed negligible.

In spite of these restrictions and assumptions, a
complete solution of the problem of scattering has not been

found as yet although considerable work has been done in

the area by physicists and engineers for the last twenty-

. five years.

r Theoretically, a terrain may be thought of as a ran-
domly spaced array of scatterers which yield a certain radar
scattering pattern, and conversely, knowing the scattering
pattern, an unknown terrain may be specified. This tech-
nique of surface roughness detection by employing radar
backscattering cross-section has attracted considerable
intereét in recent years.

The terrain illuminated by a radar is quite often ran-
domly rough, therefore it is necessary to use probability
techniques in its description; consequently, the radar re-
turn obtained from it is also described itatistically. The
nresent investigation of the iuﬁar surface radar return

assumes that it is a perfectly conducting asurface at high
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frcgquencies, The Fresnel reflection coefficient for hori-

zontally rolarized plane wave is

L ces® - JW - sl (4-1)
R- = cos Y + YT = sint Y

where ) is the !ica. a:ijle of incidence and

Y

-

< + L60ONC
A, -

as shown in Fig. 4 -1, where various terms are defined. For

a perfectly conducting surface, ¢ and Y are infinite and
R' = ""1-0 (4"'3)

The early lunar models were based on the earth-based
lunar radar echoes, and some investigatcrs such as Senior
and Siegel (1959) regarded the moon as a quasi-smooth
scatterer. A hypothetical surface model consisting of
corner reflectors; cone-like projections of small included
angle, and flat areas, was also used by them to calculate
the radar scattering cross-section, employing an approxi-
mate theoretical form of the power reflection coefficient.

Katz and Spetner (1960) presehted two statistical
models of rough surfaces, namely the Spécular-Point and
Random-Scatterer model. 1In the Specula:*Point'model,,the
rough surface was assumned to be a perfect conductor and
the surface height function was assumed to be not only con-

tinuous but also to have continuous derivatives with gaussian

distribution of surface slopes. The racdar return from the




i
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surface was supposed to be predominantly contributed by

large facets oriented perpendicular to the¢ incident radia-
tion, and remaining contributions coming from small isotropic
scatterers.

In the Random-Scatterer mcdel, the radar return was
assumed to be generat¢d mainly by & large number of
statistically independent and incoherent gcatterers, such
as a random array of corner reflectors, distributed upon
a non-reflecting plane surface.

Brown (1960) assumed the lunar radar echo to be made
up of specular and Lambert scatter components. And the
lunar surface was interpreted to be made up of two parts,
one consisting of a statistical array of mirror-like reflec-
tors having exponential probability density function anad
cuasing the specular return component and the random rough-
ness contributing to the Lambert scatter component of the
return power.

Hayre (1962) used a lunar model which consists of
randoaly varying surface heights (gaussian density function),

surface slope distribution and the height-distance auto-

covariance function which were calculated for various

terrains. These statistical functions are considered to
describe a rough surface sufficiently well. Later in 1965,

Hayre, based on the above statistical parsweters, suggested

a ccmposite roughness to describe the lunar surface. The
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L_ = inductive loss coefficient
negligible in general

Fig. 4-1. The Local Scattering Geometry.
(n is the local normal. 9 is
the local angle of incidence and
81 is the overall angle Qf incidence
defined with respe:'t to &.)

Fig. 4-2. A Rough Surface Corposed of
Small-Scale g aind Large-
Scale Roughness £y
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superposition nod 1 considers a slowly varying lar,e-scale
roughiirss and a 1dly varying small-sca'e roughness within
| the l..a1ts ot the " »lid. .ty of the Kirchhoff integral approach,
and it is assum d ¢ t t+ey are correlated (Fig. 4-2). The
| interdependency of * « t 1 rough profiles s«ems to represent |
model i | re 2listic m nrer.
i A review of the lunar models of the past indicates

that they were good estimates of the lunar surface rough-
ness, as interpreted from the earth-based radar lunar

; echoes. However, these cannot represent such lunar surface

| features as craters and their rims for the LM radar reflec-

tivity calculations. |

The requircneat f a high degrece of accuracy in cal-

culation of radar ignal degradation by the lunar surface

initiated the formulation of a new lunar model, which is

, discussed later. The flexibility and general nature of

| the model components and their statistical parameters
suggested the use of the same approach for a description |
of many other rough features. Finally, . mathematical
solution for the average radar return pcwer including the <

lunar surface effects is presented.
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4,2.2 Lunar Surface Modeling

The Apollo guidance and control signals during landing
are primarily conditioned by the lunar surface roughness.

An accurate analysis of lunar snrface roughness in the radar-
echo study providegs the means to predict the effects of che
former on the guidance and control commands which are generated
by a computer on board the module after processing the radar
return signals from the velocity and altimeter radars. The
lunar surface roughness is expected to bias the lunar landing
module (LM) radar signals used for guidance and control during
ils landing. It is this aspect of lunar radar echo-degradation
of LM velocity and altimeter beams which is discussed in this
paper.

Although the early scientific efforts had provided
valuable information on surface roughness of the moon, the
application of their data was limited for various reasons
including the lack of full scale verification. Even the
recently acquired earth-based radar information about the
lunar surface was not sufficiently detailed, partly due to
the libration of the moon and partly due to the fading
caused by the inhomogeneous ionospheric medium.

The availability of a hiqh—energy sonrce for a high-

frequency radar was in itself a problem. Consaquently, radar
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observations could not‘sﬁpply reliaslé evidehce'oﬁ‘the nature
¢ of the lunar surface structures of the order of a meter or
smaller in dimensions. For example, according to Hayre's
criterion (1961), a random rough surface is considered

smooth for vertical incidence if

AN
T £ T2 (4-4)

where
6 is the standard deviation of the surface undulation
in meters, and
N is the incident wavelength in meters.
If X is 4 meters, a surface with a standard deviation of |
0.3 meters is considered smooth. As a result, only the large i
scale roughness features could be obtained from tha lunar
o radar echoes. | |
In 1961, Hayre and Moore conducted a laboratory experi- ;
ment and acoustically simulated the lunar echoes. Nonlinear
acoustic modeling techniques were used *+o model the lunar

surface on a set of scaled down aluminur spheres. The

acoustic return data was used to formulate a statistical

mcdel composed of a large-scale roughness and small-scale
roughuess with their reasonably complete statistical descrip-

tion including c¢ross-correlation between these two components., : J

LN

The general Kirchhoff's solution with its usual assumptions , J

was used in their tucoretical model to olktain a mathematically




manageable expression for radar cross-section. However,
their model was not designed to describe such irregular and
nonuniform surface features as lunar ridges in general, and
craters and rims in particular.

Some other attempts have been made to model the lunar
backscatter cross-section (Hayre, 1962, Muehlman, 1966).
Muehlman based his results on two point radar data from
Surveyor I. The simplified radar scattering cross-section
equation includes weighted statistical parameters of the
lunar surface such as standard deviation, the decorrelation
constant and incident éngle. Recent U, S. Ranger, Surveyors,
and Orbiter I and II photographs éf the surface of the moon
show it to contain nonuniform roughness with its statistics
varying from region to region. Thus, these previous models
do not suffice for this study of degradation of radar signals
for guidance systems of Apollo landing.

With the advent of the successive Crbiter missions, more
detailed lunar surface phﬁtographs have now been obtained.
Information extracted from the Orbiter photcgraphs and their
mosaic overlays is believed to be sufficiently complete to
cstablish a set of roughness parameters COrreSponding»to
each particulér lunar site. These parameteré are the large-

scale and small-scale random roughness, crater-size probability

distribution with inter-reclationship among the crater dimensions,




such as the diameter, depth and rim height and rim base 1
width. Mosaic sucface data from a number of preselected ‘
LM landing sites have been carefully analyzed and their .J
roughness parameters seem to be statistically independent -‘
from one site to the next. Thérefore, a surface model

; composed of uncorrelated random and periodic structure with
i random or fixed parameters is formulated.

The present model is a superposition of a gaussian
random rough surface, and a periodic crater outline surface <
which can be made random as well. The random surface gk(x,y)

o is assumed to have a mean value of zero and variance of
as chown in Fig. 4-3. Its autocorrelation function is
assumed to be exp:%g (Hayre, 1961) where ¥ is the distance L
between two points measured on the X-Y plane, and B is the
decorrelation distance. The periodic surface §P(x,y) is
defired differently over three zones within a typical interval,
as shown in Fig. 4-4 and 4-5.

In Zone I
'§‘,(x.‘ﬂ = O —E-ot x‘+5‘ 7&2 (4-5)
| In Zone II
N 3, 0o = hy sva TUXEST 20
' Pt d, = dy

y ‘ In Zone III -fov J:(X‘*‘j'( da (4-6)
“2,, %4 = -h, cos L LS gor X4y K & (47)

24,
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g . . Three-Dimensional Repru:ientation

4§ Z= Surface Height |

Height

E ! Zﬁ\;ﬁt?éw?% A_’x - Average {
,f -2 2

Profile Cross-Section Along an Ar*itrary Line

Fig. 4-3, A 2andom Surface ‘omponent.,
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The component'inkreprqunts the general small-scale or
large-scale roughness, while the component‘gp may be designed
to represent craters, boulders, and hills. An appropriate
selection of the variables dl' d2' hl’ and h2' and the com-
bination of ;R and'%P méy be devised to f£it the description
of most types of lunar surface features. For instance, by

varying % and %, 3. may he varied from smooth to a very

rough surface.

If h, and h, approach zero, the surface'§§ becomes
mirror-like. Similarlg, a suitable choice of hl, h2, dl'
and d2 may be made to represent most surface rills and pro-
trusions. The flexibility of this particular model in terms
of functions ZR and iP renders a manipulable means for
matiiematical cailculation of radar return signals.

The quasi-periodic component %P may assume any gcdmetrical
function which is most appropriate for the terrain description
in keepirng with the assumption of negliqible shadowing and
maltiple reflections, etc. A careful analysis of the Orbiters’
high resolution photographic mosaicsvindicates that the sinu-
soidal surface function very nearly matches the description
of the lﬁnar'surface. The sinusoi&al functionkis superior
geometrically and flexible mathematically. For example, the

function

L . WX .
J“.on = h SIn = | (4-8)
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where
h = the surface height, and
T = the surface period
may be assigned any value for h and T or a mode random to
generate a realistic surface. Furthermore, h and T may
either be made dependent on each other or statistically
independent.. In the case of the lunar crater, it is found
that the rim height, rim base width, and crater depth are
all almost linearly related to the crater diameter on the

average, such as:

Pho & h < V3 h
&; 2~ 5D ’ ‘1. 55D, (4'9)

Thus, the crater diameter is the only random variable for
the quasi-periodic surface component, such that given a
crater diameter the quasi-periodic surface is complaetely
specified.

The scalar Helmholtz integral is used to calculate the
LM radar return power since 1R and 25 describe a complete
sel: of statistics for this lunar module !anding zone. Radar
signal degradation is computed for each section along each
of. the landing approaches. This surfacé modeling is primarily
limited by the resolution in interpreting rhe Orbiter and
Surveyor lunar photographs. B |

The surface model generated by superpqgition of §k and

'i,is a posteriori stipulation based on the Surveyor and
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Orbiter pictures; nevertheless, its statistical generality
permits a very realistic surface rebresentation and the
prediction of radar return from it. Further rescarch on
the model is expected to yield more inforrmation on the
scattering phenomena, such as secondary scattering and

point-target diffraction.

4.2.3 Radar Return from the Nne-Dimensional New Lunar Surface

Model

A knowledge of radar doppler and velocity signal
degradation is necessary for appropriate guidance and
contrbl of LM landing used in the Apollo program. A study
of several pcssible»landing sites shows that the distribu-
tion and size of craters and boulders are random, and the
probability distribution of their sizes appears to be ex-
ponential in shape'as shown in Fig. 4-6, A set of close-up
pictures of the lunar surféce taken by Russian Lunar 9 and
American Surveyors and Orbiters I and IT indicate that its
local‘surface undulations are very rough in terms of‘ﬁhe
wavelenqgth ( A = 3 cm) of the incident signal in the case
of LM radars;

A surfacé roughness function denoting heights above
and bhelow the mean levei can be described as the superposi-
tion of a number of rdugh surfaces such-as

f = 3, ¥ % % 3, o (4-10)
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The lending sites on the lunar surface may be modeled by
such a superposition of a random roughnes$s and a quasi-
periodic surface in in ‘nterval T as a ze:io-th order wodel
15 shown in Fig. 4-3 nd Fig. 4-5 where Y, is random gaussian
| component with ze=ro rean .nd S? is periodic with an exponential
i probability density D of the crater diameter at the average
elevation of the crater. The dimensicas dl' dz, hl’ and h2
are all functions of D, and T is fixed in order to maintain
| . the identiyf of % and '!r: because if T was randomly vary-
11 |
ing " would tend to become '& .

As a first order approximation, the surface is assumed ;
invariant along the y-axis, and the radar return powcr can ;
be calculated from this one-dimensional mode of the lunar ‘
surface. The general Xirchhoff integcal is applied under |
the following assumptions:

a) The radar beam cross-section has dimensions large

as compared to T. |
h) The radius of curvature of the rardom rough surface |
is much greater than the wavelength of the incident
radiation.
¢) The incident radiation is a hrc¢i ontally polarized
plane wave.
; 1) Shadowing, multiple scatteriny -nd depolarization J

effect is neglected.

e) % and 3' are statistically i:.deendent. ‘




. (0,0,)= —Eub } aap (L VeT) dx @

2L

cre

E,(08

2( 1 ﬂz) is the re‘lected field fi>m the surface.

9, and 8, are angles of incident and reflection as
measured from the outward surface normal.

Eso is the field reflected in the direction of specular
reflection (o2 = .l) by a snooth,.petfoctly conduct.-
ing plane c¢{ the same dimensions under the same angle

of incidence at the same distance.

1 + cos (8) + 63)

F = sec 0, -
1l cos 8, + cos o,

4L2 is taken as a sampling area

vek, -k,

A k (sin 81 - gin 02)

il

v

> -k (cos 01 + cos 02)

r = Xax B (ER + :P) az

ER and CP are functions of x denoting the height of the

rcugh surface.

The scattering geometry is shown in Fig. 4-7 where

: -el and P = 1/cos2 8

1.
The calculation of the monostatic scattered field with

nT from Rq. (4-11) i
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F n-i (asOv : -
: (0, 4.. - hl’. F . [ , v
E, ) 20y A.i,,, J ARp LV X+ Ve( S+ %) Jda (412
: = EalP & z Lx (lm‘f) {. WAL
E‘(O..e.) S -Tr: B 1"..'\ r j&’i‘[l }\*‘1!(.& %)}dx
(4-13)

The generalized grating equation is

P = :A— (smB - 31nH,)

= X9 (4-14)
2T
where P .s any real nunber satisfying the above grating

equation for a given Ol and 92. The substitution of P in

Eq. (4-13) yields:

. E, (8,:8)= -‘-’E—%}—E? er[l\/,!-!-ivi(!‘*!’?)]u\i (4-15) j
|
n-t
L 5 axp({2mup) (4-16) |
: e 2N L-n F r |

The average return power 1is

(EEFD = ( W E.. ff axp [ (6 %) + Ve (5~ %)

X |
+i (% - 50 ] dxd) i |

T, = % &) R, = Sg (Xa)
;r (Y.) 3r‘ = 3' (Xs) (4-18)

where

or

LE. E*> 4 "’" E“ j[ .o.xf[_gv (X =Xg) + V(% - $;)]
) ( axp [LV;( e, - ’g.).‘/& dx'dx‘?fr (4-19) J

The average is taken over the statistic.lly independent

< ‘- i ‘ LA}
random variables R i lp. 1
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Now
: - - o
( axplVa(%R -%)0]) ) = p i)
i e d
axp [iVe (%, - %,)] dx, dx, (4-20)
where
; \ X' = 2C X ¥a + Xy
= e —ee—— QXp - N
¥ 5ida 2w 0N |T5 P [ 20 Q—-c*) ] it
The characteristic function evaulated from Eq. (4-20) using
Bq. (4-21) is (Middleton, 1960):
. N A%, ~Xa)
Coxp L (R R017 = axp[- o'W Q- ap™557)]
2 S _Ld‘ﬁ,)“. = XXl
= expXTh) & ol ‘*f( JT') (4-22)

A transformation of Xy and x, into X, and T yields

X| ’ *‘ — X,, " ? : (4-23)
ax, dx. — 17 dx.dy (4-24)

A substitute of the Jacobian in the ave:age power Eq. (4-19)

yields

\"‘“E;Ft - M)‘ 3
(E,_E:) & __.__‘:.‘.._. er C %

{J-r. f “ap (Y - "‘-g-’) ; :-.ur[i‘(t'.-rh)] Jx‘d.% (4-26)

-{ Xy 'ri

ass ™|




The limits make it necessary to integrate over 7 before

integrating over X.. However, by assuming that B << J-
g 9 2 Y 9 2z

and that the integral of T has value only at very small

value of T, it would not be erroneous to extend the limits

to infinity instead of from --;—-xz to—;‘-xz, since

TN ?
i geonr & [ fomin
—on
-'i' _xz

Since the limits of integration on U are approximated to be
minus infinity to plus infinity, taking into account the

divergent term recpresenting the average return power as

shown below:

l E.Ef) w CEBRIEBSY +. 9 {E..k (4-28)
After sioplifying, Bq. (4-1.) becomes
: T
B, = _.“E’.E_‘;__!.E_j axp [ieX +UACK+ 5]dx  (a-29)

z

the average of which is

3 : :
LB = (_\QEE;J_ ! Jlxr (VX *"\‘3‘ )< uf ("Vi’-,f)>(!x> (4-30)

The chavacteristic fanction is calculate i to be (Middleton,

1960)

92

( er( L'vgt *)> = 'nuxr _*(c")‘ (4-31)
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and
‘ weE,F 4 'y i . :
(EY = <_‘T"_- ur‘;(U‘tlfaxr(tv.wdlfr) dx),r (4-32)
Let 3
I = j Q;r(‘.v‘x +Lv‘!r)<h'~
I
w B9 1 % 3 (4-33)
with
-4y L
; I = ]..‘ruv,x) dx + f&xr (Ve X) dx
| -T d,
[ - simiT = sinVeda
\4/;_ (4-34)

-4, do ]
- . i -& : - ‘
Iz jlxr[cV,Xi'tvg‘\;'S\n ‘-}—Tll . I‘x :.ju,["'vf (_Vek.;m%: ‘f')ldx }

S o YN M dy on (Vud,

oo B G =8 & ‘8 L
= S T (k) ; (4-35)
e “% * £3) ]
b o f'axr[i,x ~L\l,.k.c:os-.ﬂ-‘] d % |
'd. J
o 3w (M + 334
ey T - J;(”vl‘h) (Ve ¢ gi.t)/‘ (4-36) #

o (:-O
Substituting Eq. (4-34), (4-35), and (4-36) into Eq. (4-32)

one obtains

LE) ™ (—H-_S‘r‘f-— exr EXCON] {

= n \4’1;: oo Sin‘/l *;
% /2

W.J.. .:fl F: io:.'lq l‘" ‘CV,J._e:pw. ec:\’sd.

s LACANT |

*ravao (% > £._!;)—’ ] J
fy
|




oo . ‘ S\n (\‘ + ’i*t“. }
' “Vg h, -
+’§§“ L ]; (-Ve ) WVa + %‘}.)/2. >%, (4-37)

Taking the conjugate of Eq. (4-37) , one obtains

a S\n\"t - swnV, d,.
( E,f) = <...\1’E’Sf- q&r -3 (oVa) {—-—._..,. B i

Ve /2
tV.‘l L \\, “ -\,V “ Vf" -;V J|
fZJ(Vﬂ\)[-— n+°' 2. S v

l(vl + H“

n (O -2 4
i. VI'\o v (W “.\ '
".fi & ; -5 } >Ir

The second term in Eq. (4-28) is now calculated to be as

(4-38)

pi 6} = <K.juy[‘cVuT-"g’]

} -.xr[_l.ve (‘r. £ 1%)] Jl,d'\’ >3r (4-39)
with I £

o 4 o o A ) .
K, = -M‘E.":E- axp ONF R, W (4-40)

Since ir' and 5, are the only functions in the integrand
1

containing X, it may be evaluated separately.

Hek I = j{h &xr [ uVa (7“ -Sf.)] dx,
-T.
2z
= I, 3, %%, (4-41)
-4, T
1, = J d «, * J dx, (4-42)

._.E ‘ &
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+ 1
{er [iV.h‘{Sm '_(:;___:'.‘;%'.’ - Bit ‘Lg?-:ld:.l) i] dx, J
+Iur[u/' {Sm'__%_‘_"i'.) -5\n F%}__‘l\ﬁl AX., (4-43) :

I, =

-

it

"‘f(‘“\“‘ {cosv(ﬂn) ~Cos XXa ” dx,  (a-44)

Further integration yields: |

i

I; = Z(da"lt) E ai (L;’t J}(Vg“\.) Ji(“va‘u)

: o e 1 (4-45) ?
l
|

f;.%:*v

’ [ s\:_g (r"’%\ :‘ cos (I._’t". Hath (4-46)
TPy . 1
{ 1, = 24 £ 3 S QNI AEAN J
l
s T (§+9) , {_m— ‘

[ T G ] s 4 - ) (4-47)

. 1] = < J optmr-Frcnenonin,

| , s .t 1 3 1;)>;|’ (4-48) J
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wirtH & T‘uf CiveY) ....xr (-'5%3) (T=-2d4,)d7T

= 2(T- 24,) ? 4xr (-'—'5!) Cos Vx T 4%
o

-
i (4-49)

2 e -2‘\)

i

I, = 204 -4) 5 Gl Joek) 7Nk
rl'.;l‘.

[lﬂj\ll f Axp (V%Y) - U'C'"gi) cw%{t_‘i Ay
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 § Py e
P ?‘;'%'] ["('-gj‘fw,i»ggly
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et ‘.
. 3"

[ Sin l(")\ i el e
um][ (BF + v +30) ] (4-51)

The variance of the return signal is,

| DiE‘}.—.—/\K.{z(T-zd,) .

(8) + v

v 240 ﬂr_ZF SHAIS ATYRIEACAR

S5\n g(v* ) ? -__.B
{' T Cpry ][\a) R ",, d‘ ("["53)'L +(V,— ?\rﬂ

+ 4 d i"i gﬁ Wl T Neh) Tyl veh)

WEGH I & ,
T %Lciiz][(%) v (v+ Iy ] S% i

The ccmplete solution for the averag«d radar return is

the DC term, which is the product of Ey. (4-37) and (4-38),
pluz the variance of Eq. (4-52),

In Lhe absence of craters or hills, (. e., '§P = O

‘w| €. F* -n.xr -(G".) LﬁmV-4 »

(E.)CES) = %% (4-53)

and i_E‘X = \\.J|L}';F~.;F~L<r\l-) = #[( ARV (4-54)
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Therefore,
'3\'\ V,{'

‘w' E F n.xr () [

SVa)
"‘E M| T[(a)*v ] -]

The factor\vffor the pure random surface equals unity and

Vg

(4-55)

the result checks well with that calculated by Hayre and

Kaufman (1965).

In the absence of the general roughness, ;k =0

=0 (4-57)
A

and Eq.(4-28) becomes

" ———— — ——— ————

% /2.

\Wl EloF (

in “Ii - SinVudy
=4

#
1o
~iVy do P ;“‘o = év‘“ér"é‘&l

+ z Tr(vl‘\a][i = -‘(;;* %‘)

® .8 S (.* %)th
-+ y ("\'t‘\l) > X
{?iot f W, ¢ ;*)/l } f&
D\ VII' =9\ Vg
/\ { 5 V./s‘ o
?:i.& e Wdy %A Qo -Uhed,
o e -Q .‘.‘ 1 ‘-‘1 + <
L } (v k; T < L fmeemm
. | (% + §5)
o .5 - sin (Vy - L’“ ds
+4§'~t T&““"\ C Vo~ g‘VL;_i >s‘, (4-58)




In the absence of hoth S. and ‘ , the surface becomes

a mirror reflector, and its radar reflectivity is

i
CEED |y B F ['é—:%
s

For the monostatic case, one has

et u -odu

cos®g,

V, ¢ ,4)‘_:1 s\ e,

(8=

(4-60)

(4-61)

1
The curves of r? vs. 61 and [——11‘:&%—] vs. 61 are

presented in Pig. 4-4. Yf T is DO, [._’.'r."\‘:%.]‘decays very

rapidly, and the product of the two curves may be approxi-

mated by an impulse, or

- B
$.:0
e

(E.E D

The significant terms in the Eq. (4-28) for the conditions

(4-62)

GVa <<, 9Ve =1 and oV > A which cor:; spond to slight,

moderate and very rcugh surfaces, respoct ively, have been

discussed in great detail by Beckman (19+3). In the case of
ae lunar surface vhare the general randia surfacn cppears to

be very rough in torns of 3 cm wavelengtin (a3 shown in Surveyor

pictures) 2 is inde:d 1. ge compared to 1, ©q. (4-28)

becomes
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{E,ES) = D{Ex} (4-63)

- + |
and txr =CavaY (V- e-‘) = p 'L‘J‘),Jﬁ' (4-64)

| Substituting Eq. (4-64) in (4-39) for the calculation

| of (EZEZ*) , the resu . ting expression is

| .
1 . (o) B
’ ‘ “&.F — = S e el r—

{EE ) = (0= { 2T =24 " gu e

I . (g i) B
+ ?( &;‘(‘l\) r§.‘ Ir (vl"h) [(U'V;)‘-k (‘/‘1_‘;‘)15;

g S o
[ + -J. Z 3. (\Gk,
RTTRT Me-&3)'8 ] 1 o 3 k)

- (sVay® | ] } >
L v e+ EV 8 " (4-65)
In Fig. 4-9, a curve is plotted usirqg Eq. (4-65) with

the following paramecters:

A = 3 cm

g = .3 cm
B =3cm

W=

T = 30 motors

i’#(.o): 05 cap (-.0%N)

dl = ,.5D
d2 = ,55D
h1 = ,2D
h, = ,02D

e




The results of other models (Hayre, 1962: Muhleman, 1964)
. and experlmental results (Evans and Pettingel, 1963) dealing
with lunar radar returm are also plotted in Fig. 4-9, and a '
comparison of these with results obtained by the model used

in this work shows very jood comparison.

4.2.4 Radar Return from the Two-Dimensional New Lunar Surface

Model
i The calculations of average radar return power in the

last chapter were made for one-dimensional lunar surface
model in order to simplify the mathematical procedure. The
two=dimensional case is presented in this chapter.
* ‘The data on the LM trajectory shows that the altimeler
beam has an incident angle (C&) variation from zefo to forty
" degreces with respect to the outward average lunar surface

normal. Since the radar system is a monosktatic case, the

.
TR -

reileccion angle (62) is'the negative of the incident angle
(Gl) and the lateral deviation angle (93) is zero. (Sce o
Fig. 4-7.) The close~up pictures taken by Surveyor II indi- . ‘
cate that the general surface is very rough in terms of the |
incident wavelength (3 cm) . The surface function is taken ' % ‘
~ag a composite of a random and a periodic roughness. (See

Figs. 4-3, 4-4 and 4-5.) " ’ i ‘

’ ; ' The assumptions similaxr to fhoso made for one-dimensional : J
case are made here as well. '

The return field E, tor a two-dimensional surface is _ .

o

given by (Beckman, et al, 1963):

T | L by
. - B, = ,._.._,...,...‘ jj axp U-V T) dx J‘J

"L; .| ’
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Experimer-tal, by Evans and
Pettengill :1963)
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Angle of Incidence
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) . . .
. —_ M vy F;“E..J gx'{lv.x + \V.,\Ss-ul,_( §F~ %)] XX 3‘3
o T i (4-66)
where
4\ (TMPW) -i
—— ; QL (P -
We = 2n S (p M) r ¢ [ ) (4-67)
'
S\ny (lm%“) -t
wWe == N exp (FLQW) 4-
| I 20 5 (471 P b (4-68)
} L _ L |
[ | wo=, wm=3 © (4-69)
. —_ T Vg — 1‘
| P = 2. 9 _'!12" . (4-70)
E20 is the normal specular return from a smooth
¢ surface

|+ €056, Cod> O, ~ Sink, s\nB, C096,
P = c050,( Co50, + C030,)

(4-71)

Ve = 20 (S5m0 - 5im &) V= 3T Sind5imb (4-72)

V, =< .:?);\‘L (€998, + Cu38.) (4-73)

The av2rage power is therefore given by'
i ’
* d T o~ N L 1Y . . R .
LEEXRS =< 1) a'qu ff}[‘ &Xr[b\'x(i.“)(z.) o
L3 :
T TEEE | |

AP A DAL )]

{erplivhe (3= 3] ) Axudu dy, é-p,r R




L= R0y, f= ROy

¢

?‘, = %, (%, 4, }‘. = 1‘ (Xa, Ya) (4-75)

Since the roughness is isotropic, its correlation be-
tween two points on the & = 0 plane is a function of only
the magnitude of the distance between the two points Pl(xl'yl)
and Pz(xz,yz). Let the distance between the two points P

1
and P, be T, where

P .
v =[xt + - (4-76)

ftien (-uf[‘t\l;(&; &)])can be treated as a one -dimensional second
order random process, and the characteristic function in

Lad

terms of T is found as

F ) = Jl.lf ~(Tve ¥ Z-—S‘-’BL— ""r ¢ .:'gl) (4-77)

wmz0 mi

A set of new variables may be defined as follows:

Xy = T Cos ¢ (4-78)
Y, T Sin ¢ : : (4-79)
 ran”t 12 '4-80)
- 1 = X2 _

Now, transforming X;, X,, Y;, Y, intc x;, ¥y, ¢/ ¢

where xl = xl

X. - v Cos ¢

1
Y, < Yl

y, =y, - ?Sin ¢ (4-81)

105
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one obtains ’
dx) dx, dy, dy, = |3 ax, dy, av d ¢ (4-82)
where L LT ) } )
ax, ;’n *Y kX2
9%, M Yy, Ak
l'}" Ry 331 o~ 2
Y ¢ 0 ?
) o) o o
- | o - Ti¢ *
0 i o Q
) i °$"‘0 ~?Cﬁf
= T cos'd 4+ T s\wé = T (4-83)
‘This transformation process introiluces the corresponding i
change of varjables and limits as
‘ r— Sr (xl;\’l) (4"84)
\
L P 5 (x-Teosp, y -7 sin ¢ ) (4-85)
- X ' 4~-86
..%. (X £ 5 ( )
T (Y < F (4-87)

- —— -

— —
Jon-57 +-%F <t 4 J Gy -0 ) (4-88)

nm

I“ -
Tan' (-5

»

) <« TAN (.‘!:_‘1_.5‘.) (4-89)
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1

f The limits of T and 4 are functions of . 3Y and yl which vary

frowm -% to % in each interval.

It is assumed that the autocorrelation C of XR is in-
significantly small for T greater than T/2; and that the
term aqf%” converges very rapidly. Therefore, the integral
has major contribution for small ¥ , and it is possible to
f cxtend the limits on T from zero to infinity.

"he limits on the angle ¢ are integrated from o = © TAN' ,5§)
to ¢k“‘*“&§%§) whers Xy and Yy take on values between -T/2 : |
and 1T/2 respectively. However, for all values of X, and Yy |

" $ is always bounded bétween zero and Y.

And the transformed integral becomes
: * | fwal” t“‘s‘ Ei- j /f V, ¥ Coscd
* LEE > = & { wp

+ivTamp b Pl E@ T dt d¢ “3'21' o

In order to avoid a divergent iantegral, it is necessary
to rearrange Eq. (4-90) by noting that

L ,E;_Ea.k vy = (‘E‘l» < E:) + D {.E‘E (4-91)

where

(E,,) _ < u._)EuF T{axr[&xn‘j M‘kfy] (qxr (_Uv'gts)>dx A]%

 -.« . ng»)&._ ur.quq,fffur[_l,xﬁc\(,j +L\L§]&x&]>’r (4-92) J
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After performing the polar transformation
(Bay = (MBeF ot 1, +I,01,]>  (4-93)

T ;

(see Fig. 4-4) with

I. - T‘ - -“-d: (4_94)
‘ IA ¢ J\ .
I, = J[).xr[w,nun +Lv,nsmg + (b, Sin 31(%:%_'3 "
{ o 4, ' RARde

Y (v w' T

, . l
z — T‘_ (Vt"h) ‘ 1 . .
3% ' = 47 '?:" sZ:.o r s s| 4 1
% -
- ( -'U.“’PJt ) d“n A: j B l‘:':ﬂ __SZSH)‘!_.
* ‘ &xr d. - 4, Hes + 4 a =() a!
A 4 29%3 -4 I,fr L2 Iy a .1
T Ay / o _ L . _
w T ] e
a4, . 1[“ 1
I = ax LV,RC‘so -+ '.V  § S\A D -4 k‘ Cas ' |
3 f/ f[ ’ 24 ndnde 1
o0 oe ] . | Q:u‘)s (V‘z+ \J.’.' )S .
- 47 = 2 ¢ I{"(’,”th«’ -3’ S| 4, .
- -?'.-s S%o S
. 2"1 (zs‘l)' .
'
“asv 4 T T L’FV r**l

(4-96) | #
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Thus, substituting BEq. (4-94), (4-95) and (4-96) in
Eq. (4-93) is tﬁe solution for (Ez>,. Similarly, w<E2*> is
obtained by taking the conjugate of the expressions for Il'

I, and 13, the detailed calculations are not repeated here.

EWF  -i(oV
LENY =X u j’T‘ e JLI.'WIT*I: ]Z;r (4-97)

D{E,S = <{E, Ef) - (E,,) (Ef) is the variance of

the cowplex scattering field, it may be written (Beckman,

1963) in a form similar to Eq. (4-90) as |
L&mm .

D{ELS — Wnl “‘M EuF ////a,‘,[ Ny 'CCO:@ + 67 Tound

1T o0

PG W]-[ Eok 0 -3 e Elow] YT dx.cij%g )

where
"W'B) (9 Va »m ~mYy E
e s -] (4~
[. i(\’&,'\&) .{(\Il)é ‘(‘!@‘] = €& Mz‘-ﬂ h\' - (4-99) 1
Let .
e 1Y L 3 s - a2
wil iyl By B . s _(OVe)
K, = g "!:"’l F axp CAYY f;‘ = (4-100)
then T ™

f g wpl B - anpL e

p{ey = < x f]
SR ST RSO E B 5‘)] dxy dy, Tek fL.r_,; (4-101)

I (= j wxn [ie €5 - B ) ] 4% dy, (4-102)
‘ p

4}

Also, let

Ll




110
From the geometry of the periodic surface, it is observed
that I (7,4) could be separated into three parts as (see
Fig. 4-4 :
" 2
I.¢r, 4 = T - wd, (4-103)
. e =Jf explive(s, -} )] dx dy. (4-104)
LAY ]
- axp T - dx, & 4-105
Ig 1,%) -c£‘{" r["vt(-*, $‘)] X Jc (4-105)
? ‘ ( Xy p) \3')
4-
Sr‘ = {. (%~ Tcosd, 4, ~ T 51~9) (4-106)
Now, performing the pnlar transformation for ‘1’ Yy, to r;,
& , one obtains
x, = I, CoS @ (4-107)
v, = L, S\n © (4-108)
ax, dy, = {31 4K, d0 | (4-109)
oy ! Codd ~Rvin®
- st Ry 20 - =R
\sl = —:; . . ' (4-110)
. 1 d ‘ -~ ‘
5]‘.’ 5T | Svno I, C#
where r, and r, Are
n, o= Jar vy (4-111)

!

Qe

My J Xa +y . , '
/ vt -2 T CorC0-&) (4-112)

the integral over Region II becomes
).1' “‘

wn, 4)

I, ) = [} gxr[iv““$\ﬂ e
o di

~ahy Sin 1'-%’-:&;-;“-:)] R. dnr, 40

4
;
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rn ')

= j ] xp [iVah, ﬁnn-ﬁéﬁﬁl;-

)
©

~ i, s JREY —zn; e ~d')] R, di,d6 (4-113)

.

After making an expansion of the exponential in Bessel

fUHCtlonS. 12 becomes
o
1 Ct,dﬂ =3 3 Tu0hh) Tv Cah) ur[ ~‘&u*f)41r&.].
* Mot V-0 A
1w 4y

j IQtrL““'] - e[ (AT rcosea]rdndé (4-114)

The origin of the reference coordinates is chosen at' the
center of the crater such that the integral around the rim
and the crater is symmetrical to ¢ ; therefore, I, and I,

are functions only of 7 as given below:

(D a'? ' : ~{(uiv)d,
1.&4) = T TulVehl) Ty (-Vah,) ur[ Ld:ta,n }

,‘pt’ 7"
LA TR e N
I f el ] ""[F 5 [t an: Goso] T dn.de
oA+ ltantd tU42m 2 b-an
= Ka (4, - o, ) T (4-115)

where

K, = f(;' S TulVehd) T,(-Ya') .lxr

M a0 = -00

{ -unwv-)'!’(dc ] )
R N

+ [ R et \
N T-A]- oo bio a: bl

arb .
[;": & Bavaea 1) -
gl 5 [b a."’t".‘z .
7 Y )“ ( ’—')" - 4-116
n=o n (&i_&i.‘!) ( )
' 2 n
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with B(x,y), the beta function, given by
. !
t O 31
B(x,4) = [ ¢ w-t) dt (4-117)
and (X)n, the hypergeometric series, given by
(X)) = X (A1) (X+2) ¢ ¢« (X+N-)) (4-118)
The integral over Region LII (the crater)is
I")Q\') = j! er tlv‘} ( %o B ﬁ'z.}} 4%, AJ‘ (4-119)
cratey
A transformation similar to that for I, yields the following
value for I,
dioy -
t (‘/\-) j[ ‘lxr[ "Vik COST ‘t‘bv l\ CO’ 2d ’L‘d&' da
(4-120)
‘A subsgtitution of '
' _ SRS n, & 10"
s = Jr(., +1 - "',”t:"':;: Cos5& | (4-121)
- into 13 above yields
W R arv .
T, == 2 2 (1) Tal-V%eh) Tp(%h) w
Nre00 U0 A 1
. »
- L e iy AL e yel I
5 &xflg % R v “?+7L1
o : ,
. vn’ oy I . 4
J fL T C0s8] denidr, S
(4-122)
which integrated, yields
| "aylaznen b-2w
T,ev) = K3 4, T (4-123) {
. vhere o | J
e 00 . eV
=¥z @ Tu(Yah)  TetMah) -




‘ D{E] =

, But
+ 277

where

-
—

’
I, =

113
=2 g | vy 2 2 .
ZO 'Q! [ ’—i‘fr] [ ‘- (-") ] a.go \)z‘-'o O-! b!
a+h :
[&] vt Blaxrz, 1)
. 24, ‘
n -5 A4 2
, 0‘23‘ 1) ( ’T)n ( _.9..":..2._._...)“ |
n=o " (22l (4-124)
2m
(K, f <-'";>our<uncos¢ (g7 sing).
o o
[_: ]: + T.+1I,7] Tdr do >§1 (4—12.5)

J.'Lx‘ » (W rcosd + ov'rs«mp)d? ~ 2% T (,,,J;:‘z) (4~126)

D{ES = <K, lﬁé Axp &2 To(’tm‘)

[_I,r{-]_" t I,] vdv >

= { 2" K LI/ + 1/ + T, ]Zi (4-127)
(T"-&-wd'{‘)j&x?("m) Jo (v Ivrev ')) Tde
('T" -Trd.;_ — - (4-128)

| [( )+V -}-V'jj’/z !
:kz [ ‘A‘:}Runﬂg;""f”u] ; ,&xl’ C “1..)

b4l

mﬁ-w*) r o da
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. atltanel atfQimer bazws 4
= K, i_ 4, - 4, 1 o ’
3 U;wu\ﬂ) . ,['
)(%)(b-mm [ ‘ (_{g_: + \!'; +V)‘)y‘ ],Ar’l’i (4-129) .
' at+Qrintz X b-2h +)
.'I-35 = K3 d, 5 nx‘r( B ) 3:(3’1 VeV ) 't A
: (34
;. * 1y cand _
f AtiransZ L anal P oo s
==K, d - <&4m¢ ”A«.fv + Ve
. ==K dy S 3&%) S N A J)
| (4-130)
B The solution is 1

’ ¢ _;l- ’l' . 4-17 -
pie} = <k 2m LR r T4 Ia1 e

The complete solution described in Eq. (4-~91) is the product 4

of 2q. (4-93), (4-97) plus (4-131)} v
The solution chtained above for the two dimensional
. scattering from the lunar surface is valid for all points 1
in space. The monostatic radar where the parameters in
{E,E, *> are S ! i
vOL:" —9|  .. (4-132) _
5, = - o ‘ . (4-133)
R | |
F .= cos®s, o | o (4-134)
W= 1 R G | | (4-135) g J
Vy =0 T © (2-136) -
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b )

( S\ 2 pW ) (4-137)
2n S ynpew )

Z
»
——

»
i
t

' V, = 4 sin§, 7 (4-138)
N
= AT, : . -
e == _)_<\ C. o050, (4-139)

-t——

n T
== 2T. s\n 86 _ .
F _ R \ ) (4-141)

The final solution of the radar return power (E2E2ﬁ>

= L-x (4'-140)

: . 13 expressed in terms of a set of conditions and terraln

parameters. The radar antenna orientation with respect

to the surface normal is substitutedior 61; Vy

and Vz and

T e i

W, is thus determined accordingly. The variance o and

the correlation distance B are the random surface charac=

- teristics, and may assume different values which can be
fitted for the description of a certain section aléng the
LM approach. The variables hl’ h d

and d., are linear

27 T1f 2
functions of D, the crater diameter, which is a random
variable with an independent probability density function
p(d) which is nonunifors over the wholaz landing track.
] ﬂ However, p(d) may be approximated to be piecewise uniform.

Thus, with the aid of the computer, the required radar

return degradation curve can also be calculated.

4.2.§. Conclusion

[ S

¥ A very realistic lunar surface model description using oy

a superposition of a sinuscidal quasi-periodic compon¢nt and

< arandomly rough component surface is presented. This model
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4]

believed to represent lunar surface conditions and the
regularly existing rough features such as craters, hills
and boulders as shown by the Surveyors and Orbitors photographs.

The solution of the radar signal return based on this
néw model is calculated using the scalar Helmholtz Integral.
The result is verified for various conditions such as when
the random component: or the quasi-periodic component or both
bacome zero, respectively. In all cases it is found that
the result checks well with the work reported previously in
the literaturc by othexr authors.

The one-dimensional and the two—dimensional radar return
calculations are included with their'implications. The
:cattéring from a short range radar, where the beam cross- -
section area is small conpared to the dimensions of the
sucrface, the one-dimensional solution is appropriate and
nmoreover its evaluation is simple, whereas for long range
radar return it is necessary to use the two-dimensional
solution. One must employ a spherical wave instead of a
plane wave for very low altitude return.

The superposition cf one or more quasi-periodic and

random components as used for the lunar surface modeling

may be extended to model several other types of terrain.
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4.3 Spatially Anisotropic Random Surface Return

It is very common to employ an isotropic spatial surface
height correlation function of one form or another in scalar
calculation of radar return from a randomly rough surface. A -
study of certain types of surface roughness which may exist
on the lunar surface such as hills and ridges, and others on
i the earth, it appears that in certain directiong this correla-
tion function is particularly biased, and therefore the azimuthal
dependence of the surface must be accounted for in theoretical
calculation. Such instances of azimuthal dependence also are
found in the case of sea surface. It is this aspect of the
surface feature that is studied by ﬁsing topographical maps to
show the azimuthal dependence of its spatial autocovariance.

‘ Theoretical study empioying scalar Helmholtz integral calcula- \ 'j
tions of the reﬁﬁ%n power shows the specific difference between 5
this and the isotropic case. Finally, a few surface models are 1

used for laboratory ultrasonic simulation of this problem. The

results.of theoretical study are then compared with those ob-

tained in. laboratory simulation as well as with some obtained
~ by aircraft flights over different terrains which exhibit such

azimuthal characteristics.

. 4.4 LM Radar Return from an Anisotropic Lunar Surface

An anisotropic lunar surface roughness model is developed } ﬁ

and its radar return is' calculated to Sh9w the effect of this
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anisotropy by comparing the results obtained for isotropic
lunar surface. The anisotropic case is also shown to reduce

to isotropic model and the results are exactly verified.

4.4.1 Summary
When a train of electromagnetic wave energy is incident
upon a plane surface, the total enexgy is reflected, absorbed
and transmitted at the surface boundary depending on its
parameters. The LM radar receives only the reflected energy
and thus the backscattering pattern of the surface may be
plotted as a function of the incident angle (6). A certain
surface profile has a definite radar scattering pattern
associated with it at a given trequency;.lThe receiyed field
intensity is given as the sum of n scattered field components
(Beckmann, 1963)
néf* = 2 Aj g | | (4-142)
i :
where xr = the resultantvamplitudéi
W = the resultant phase
‘Aj = the amplitude contributed by the j scatterer, and
¢5 = the phase of the field from the j scatterer.
There are many surfaces with different roughness features
which may yield the same scattering pattern 8o long as the
’amplttudea and the phases add up.to hc the same at all points

in space, and therefore, the radar detection of terrain rough-

- ness is a sort of an citt-gtton; . And the mathematical solution
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of radar return treats an unknown surface height yariation to

be a stochastioc process.

The radar return from the lunar surface has been previously
calculated in detail by Hayre and Tong (1967). Their statistical
model is a periodic sinusoidally shaped crater superimposed on
a general random surface with a gaussian distributed height
function. 1In order to simplify the calculation, the craters and
the general rough is assumed to be statistically independent,
while the random surface .itself is isotropically rough.

Many terrains occurring in nature are quite often aniso-

- tropic so far as their spatial roughness is concerned. A

spatially anisotropic rough surface may be statistically
described by its correlation function and its height probability
density function. The following is a revised model of Hayre
and Tong (1967) where an anisotropic rough component is super-
imposed on the periodically occurring craters of random

diameters. The purpose of this revised model is to examine

. the effect on the radar return from & certain crater formatiomn.

For example, the craters on the maria appear to be mostly of
impact origin and this is presumably true for the post-mare

craters on the terrain. The primary craters are by definition, ,

. those due to impacts of cosmic masses. A'hypér—velocity impaéé

of a meteor at a certain incidence angle would generate a crater

shown infrig.4—10;The use of superposition method accounts for

.. the two components as shown in Fig.-11 where ‘the xandom

éomponent th appsars to have a nonunitdfm roughness caused by

the ejection of the surface material by such a meteor impact.
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: whole, the surface parameters are:

- d, {r<ad
5 = 13‘: " 0L R &4, (4-143)
P -h.c'os 2d, : d2 & R
o

where r = | xz + y’
assume d1 = C,D
dz
n

h, = C,D

v_vith D being the diameter of the crater, which follows a
. . certain density distribution P (D).

b. 3% is gaussian random with '

. ‘ Gpo=0 ; | (4-144)
\ 20"

Baglz)l = € |  (4-145)

C(T\éd) = 2-_‘& cos B¢ (4-146)

21

When the crater within the area T by T is considered as a

T = projected distance on x-y plane between (4-147)

~ two sampling points

¢ = azimuth 'a.ngl,e measured from the x-axis (4-148)
B . = decorrelation comstant :
3 -p = . non-integer constant
- The 'Stra.tton-Chu; formula reduces’ to the Kirchhoff~
N auygans i.ntegral for horizontal polarization of the incident

- £ield which is used here w:l.th ‘the 'fo). 1owing assumptions:

fa. . The radar beam cross-section has dimensiona large

<&

as compared to the wurface period 7.
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b. The radius of curvature of the random rough surface e
is much;greagen.thgn,th‘ wayelength of the incident
radiation.
.'€.. The incxdent radiation is a horizontally polarized
plane wave.’ *
d. ' Depolarization effect .is negligible.
.e: Shadoving, nmltipleilcatﬁqripg and edge effect are
likewise neglected.
£, 3g'and 3, are statistically independent.
. The ‘scalar Helmholtz integral for the calculation'of
reflection based on the above stipulation is l
La l—‘ .
B = —f"f;‘i" _f f exp (L."‘"’-) dx dy (4-149)
. 3
"By = E..F. w‘ J j v.x +i%Y +iG (3 + ;P)]J‘J}
% -1 (4-150)
1
where E, = the reflected field from the surface
"By ™ the field reflected in the direction of specular
- xeflection (9 = 0,) by a smooth, perfectly con-
. ducting plane o£ the same dimensions under same
angle of incidence at the same distance.
Py = X4 [(Cog' 9, cos B, - ain 6, 8in O, ‘in. B 3). 4e150)
cos O 1 (cos ®, 1 * co-QZL' ) ]
91',g_incidadt angle ' ‘ -.’ ‘_ ' :j z%
0, = ;efléc'tion angle : | ’
‘93- = deviation angle
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TxTn a periodic sampling area illuminated by the
radar beam
W, ~ _sin (zwnp) qxr (-ipm)
2" gin P
_sin (27Tm6) .
W, = <xp (- {qm
Y 2™ gin qm P b )
. L, . L
n = -% y M= —¥
TV . IV,
X C Ty
P=—2w:r 4™ '2%—
AL A
.V = =< (8in &, - 8in 03) ’ (4-152)
V. = "'"2“'(3111 ®, sin &,)
i . .;_.2“.'>
.V, =& ——(cos O, 4 cos88i)
Yz *P TR 1 2! (4-154)

Then the ayerage power return is given as

LEEY =< Exe ‘“"' el jjﬂuf[w (Kom Xa) + D4(80m 3,) (4-155)

+ '\,V;(;'. - ;r‘)] <er[ i\/l ( ,!m - ;Ra) ] i JX‘AX‘AJ‘ Ajz%

V% @

| (QX"[_L‘V&?&; - ;")]?i = € 2. -——-—- (Cos‘g¢) o 3 (4-156)

meo

 Through ‘transformation and with the substitution of the previous

. equation, the average return power is

=
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(E, E: y =LK j".f"fj‘ &lr.(-'%?-') c'o-‘»'mpcp ur[i\l,’tcwq:
iy '

+ LY s + W, (s,. "r‘)] dx, dg.' T 471 dcp>,+ (4-157)

) | w tt..F el @
K axp (-6~ vy oM e

Let I =I,+ I,+ I |
1l 2. 3 A
. j j * P[-‘v‘ (%, - 5-)] dx, dy, (4-159)

1 2
with ' I, = T — 4 d} ‘ ' (4-160)
atleined at*le an 4y -
I, = Kl dy -4 T a-ien)
DO O
K, %02 S JulWh) T (-%h) ax [ stleny) rds
ux-® V:-o P d\. - d. ]
Sy Dol 55
ath
n b Q<+
)(!5. (_fu__z_)"

L a b
.‘[&’-d'} i B'(ay*l’z'l)..zzo(" h.(gn»«t) (4-162)

.13 - arfernra b "' . ,
Ky 4, 1 e  (4-163)
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K, = L "Lwe
3 u,govz:-o ¢ ) Ju (- Yeh) Ty (Ve k) (2“ 24-] ‘
%f atb L I
- (- —_ N
[\ ) ]o.-obto al b‘ ld.] | wo v ) 1
-b >
B(a+l+2,1) °z° -1 (&T)"(ow;- ;_)“ (4-164)

LAY
Hence, h! ( a4-29.+4.)

2w

(E.ES Y = (K.Of j -ﬂxr('.“";) cos™p Qx‘,[w,mcos¢ _

+WsTsne] (T, +I, + 1)) 1 de d¢) (4-165)

Integral with respect to ¢ , %’
o m (.V.‘t Coséd + LM Tswnd 1
. Through expansion,
™ .
" l (Bp(m -2t
.cos Pq) = ] Zh t=o ( ) eP ) ' (4"-1-(3‘])
s . 'TCO ¢
P:V = t‘;{ Lr J; (V) e_H’ (4-168)
WTswmp__ & 3-6 Cvs-‘\) C"%¢ (d160h
Bt-o
R LA © » r
S T Z U T I, %)
| .IQ' -y -téo( )rgobt-o .f :
” 1’# | j"“ WP+ + pim=-3t)] d ¢ |
2 o | (4-170)
= =2 EmEE frum s i Ay )
N . by tao rcvo ' : ™ [(P’F%) + F (m -Zt)l
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Substituting I, into equation (26}, bscomes

2
(BE') = {G (L +I +I] )>§r (4-171)
where -
m
GmK 2L S(T LP S\n W["?*l“ BCm—2¢)]
1 5 Z(v = NP+ plrm200] (4-172)
© . ~"!!ét - |
I', = é (T=md.) € ° TN 33 (W) Tdy (4-173)
A : atharner artriner 2 oy _
S’ = Xld -4 ) ) e® J,0um JiL":*) 'CHWcL'z (4-174)
¢ | ) ar Pans ° -
‘ | I'y = »Ks a, OS e 3_f'w""') 3'1,("52) ’tb‘uﬂ dt  (4-175)
L . The integrals 4-173, 4-174, and 4-175 diyerge for m = Q. It is -
necessary to calculate the ayerage power as:
5 * < *
o O LEE D> = DIEY v (B2 KE)> (4-176)
and
N E,‘g, = (EE"Y - (EY<ES (4-177)
¥ ; - which has nearly the same ‘expression as 4-157 except the

m-series of k, now begins from 1 to i.nﬂn:l.ty.
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The completion of the integration of4-172,4-174, and

4-175 for m > 0, yields -

‘)
) (W
rre + Pyt
Freg+y 2 ("-‘5.
{4-178)

o®© P(2¥pre+ 2«) YA Vv «
< ——— ""4 - -d. ——— —-.‘h-
i P Pra+l) F( 20 Sl ML v")( 4'%}‘)

I'y =™ '(T’—“d:)

=0

arl+an+l ardnaner -~ VL)P (Vy )t

I', = K - - ,
b l(dl. dl ) r(%‘_‘) 1?"1, ('1‘61)”&”'"‘"-

E P(b2n41+pry+2a) R ) |
i % - o Sy X ] ) % Vi ‘
g 7 o(\. P ( P Y +.\ F( ‘) P J) %"") "v::) (- +MB""\') (4_179)

" ad o P
I“3..- K; d:‘*i"'l"‘\'?. .- ALY (Vj)%
' ' ~ P, ma  PHyth-2m
PCgrn 3 b (""‘g) b *2

s [(b-2nt2+prg +2) ., | . VE v,* .
z < P(‘P:EH) F(d.r&,%ﬂ;%)(—:?-a.?)‘m—wo)

”~

D{ER;-; { G(I +I.+ 1;)% m So (4-181)

=N = (MWW ELF “ru | ;
(B, = { —/2==2 e u.,u&,»,;c)zrw 182)

with I, = T' - Tde ‘ (4-183)
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-

:

1941 A4 2%

1 AR —~LZN Pdy
af(\Un) (‘.‘) (Y V) e.b]:%‘

.Ib -‘, 4T ‘SI 'Sl >t

“Me

| °

[ T T ‘;‘ @)l
S | dxo GJ ( -Lurp)zsn-a\
d,-d,

A ' L 2T Pd,
( Q‘%‘ d: - e"_g'.tr d:\ )"J (4-184)

{:‘ 0 S| 5! 2"
2%e |
[ L L 2kl i+ 2ZS+' (25+)) 4
S+ ~ GEen L Gl [ AW wstia | (4-185)
|
24, CR)

w. Eso" (O Vo),
(E))y = { w’ 2. e AQI.,-rI,, X7 )>;P(4186)

4

I, Iy, and I are ‘the conjugate of 4-183 4-184 apq 4-185
The average return power then is: |
’ E* - ! ¢ P lh’ tll” llELFt
(E.ESD = { La(ai+ 1] »3))] + [ W AR
= T

~(SV) ) |
e (L v I, + 30 + 1) +10) ] 5 68D

?

4.4.2 ConClusion

The effect of the radar retuxn from an anisotropic randon
scattering surface appears in the coefficient G, which is a

function of the anisotropic index B. rurthcrnore; if B wexe
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an integer, the resultant scattered energy would lose the
effect of the anisotropy of the 'surface and its scattering

~ cross-section would be similar to the case of an isotropic

- raridom surface. Similarly 4if B is equated to,zero; the results
check exactly with ‘those obtained for thi‘ilotroﬁic case.

4.5 Radar Backscattering From a CratereévLunar Model

.Previous lunar surface models consisted of randomly
varying surface heights with isotropic spatial surface
héight correlation functions or sectional correlation
functions or some other surface slope distribution. Further-
more, a super-position of variocus types of surfaces such as
small and large scale roughness were alsc employed. These
models do not seem to represent explicitly the lunar craters
which are superimposed on the random height variations. It
is this aspecﬁ of gimmed craters superimposed on a two di-
mensional distribution of surface heights with each component
surface beihg a random variable but statistically independent
of each othérfthat is used to calculate the monostatic radar
return for the Lunar Lan@ipg Module guidance and control |
radars at various angles of incidence. The unique feature
of;this surface model is that a randoh variation of the
spécipg between the rimmed craters ailows a realistic spatial

distribution as well as size distribution which has been

found to be eiﬁonential from Orbitor I and II photographic

data of medium and fine resoluticms. The near-vertical
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incidence radar return power is calculated using scalar

Helmholtz integral and the results are then reduced to a
few special cases such as one generated when the randomly
varying main crater diameter ténds to zero and the random
period or distance between crater centers tends to infinity.
The results seem to indicate that this model may be used

to generate a wide variety of randomly rough surfaces for

2 calculation of their radar return.

4.5.1 Introduction

An electromagnetic wavefront‘incident on a surface
causes each illuminated point on its surface to re-radiate
secondary waves in all diractions. Each point acts as a
Huygens source, the phenomena is termed scattering, and
physical optic techniques may be used in order to analyze
the scattering. Such re-radiation depends on such surface
properties as its permittivity, permeability and conductivity,
as well 28 its surface features. In theory, a complete
knowledge of the surface parameters and its roughness would
yield its scattering pattern for a given source of the
incident energy, although the calculation procedure is very
complicated in the case of a randomly rough surface.
Theoretically, a terrain may be thought of as a randomiy
spaced array of scatterers which yield a certain radar scatter-
ing pattern, and conversely, knowing the scattering pattern, an

unknown terrain may be spocified.' This technique of surface
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roughness detection by employing radar backscattering cross-
section has attracted considerable interest in recent years.
The terrain illuminated by a radar is quite often

randomly rough; therefore it is necessary to use probability
techniques in its description. Consequently, the radar return
obtained from it is also described statistically. The present
investigation of the lunar surface radar return assumes that
it ie a perfectly conducting surface at high frequencies. The
Fresnel reflection coefficient for horizcntally polarized

plane wave is

cos § - fﬁva-gs‘ﬁrfk
R, = cosd + J Y* <swV

(4-188)

where 3 is the local angle of incidence and

Y = \[_'_‘fL"' L60AC (4-189)

L
L

~as shown in Fig4-=12 where various terms are devined. For a

perfectly conducting surface, € and Y are infinite and

Ry = -1 (4-190)

4.5,2 Lunar Surface Modgling

The Apollo guidance and control signals during its i#nding

are primarily conditioned by the lunar surface roughness. An

accurate analysis of lunar surface roughness in the radar-echo
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study provides the means to predict the effects of the former
on the guidance and control commands which are generated by a
computer on board the module after processing the radar return
signals from the velocity and altimeter radars. The lunar
surface roughness is expected to bias the lunar landing module
(LM) radar signals used for guidance and control during its
landing. It is this aspect of lunar radar echo-degradation of
LM velocit, and altimeter beams which is discussed in this
paper.

Although the early scientific efforts had provided
valuable information on surface roughness of the moon, the
application of their data waé limited for various reasons
including the lack of full scale verification. Even the
recently acquired earth-based radar information about the
lunar surface was not sufficiently detailed, partly due to
the libration of the moon and partly due to the fading éaused
by the inhomogeneous ionospheric medium, and because of large
areas contributipg to radar return of earth based radars.

The availability of a high-energy source for a high-
frequency radar was in itself a problem. Conseqguently, radar

observations could not supply reliable evidence on the nature

.0f the lunar surface‘stru¢tures of the order of a meter or

smaller in dimensions. For example, according to Hayre's
criterion (1961), a random rdth surface is considered smooth

for vertical incidence if

T & 4 ‘ ' (4-191)
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0" is the standard deviation of the surface undulation

in meters, and

N is the incident wavelength in meters.

If A is four meters, a surface with a standard deviation of
0.3 meters is considered smooth. As a result, only the large
scale roughness features could be obtained from the lunar
radar echoes.

In 1961, Hayre and Moore conducted a laboratory experi-
ment and acoustically simulated the lunar echoes. Nonlinear
acoustic modeling techniques were u;ed to model the lunar
surface on a set of scaled down aluminum spheres. The acoustic
return data was used to formulate a statistical model composed
of a large-scale roughness and small-scale roughness with
their reasonably complete statistical description including
cross-correlation between these two components. The general
Kirchhoff's solutiqn with its usual assumptions was used in
their theoreticai model to obtain a mathematicaliy manageable
expression for radar cross-section. However, their model-wae:
not designed to describe such irregular and nonuniform sur-
face features as 1un@¥ ridges in general, and craters and
rims, in particular. |

Some other attempts have been zads to model the lunar

backscatter cross-section.(ﬁaffa, 1952;unueh1man, 1966) .

Muehlman based his results On'two"péint radar data from

N O S RN L TR S S RN
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Surveyor I. The simplified radar scattering cross-section

equation includes weighted otatilticai parameters of the lunar
surface such as standard deviatioi, the decorrelation constant
and incident angle. Recent U. S. Ranger, Surveyors, and
Orbiter I and II photographs of the surface of the moon show
it to contain nonuniform roughness with its statistics vary-
ing from region to region. Thus, these previous models do
not suffice for this study of degradation of LM radar signais.
With the advent of the successive Orbiter and Surveyor

missions, more detailed lunar surface photographs have now

been obtained. Information extracted from the Orbiter photo-

~graphs and their mosaic overlays is believed to be sufficiently

complete to establish a set of ropghpess’parameters correspond-
ing to each particular lunar site. These parameters are the
large-scale and small-scale. random roughness, crater-size
probability distribution with inter-relationship among the
crater dimensions, such as the diameter, depth, and rim height
and rim base widﬁh,' Mosaic surface data from a number of pre-

selected LM landing sites have been carefully aralyzed and

their roughness parameters seem to be statistically independent “

from one site to the next. Therétoro, a su:face model composed

of uncorrelated random and periodic structure with random or
P B ,

fixed parameters is formulated.

The present model io a luporposition of a gaussian

:andom rough surfaco, and a poriodic crater outline surface
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which can be made random as well. The ranéom surface 'BR(x,y)
is assumed to have a mean value of zero and variance of o as
shown in Fig. 4-131Its autocorrelation function is assumed to
be exp { 7"%‘-) (Hayre, 1961) where ¥ is the distance between
two points measured on the x—& plane, and B is the decorrela-
tion distance. The periodic surface ‘Sp(x,y) is defined
differently over three zones within a typical interval, as

I~

shown in Fig.4-14nd Fig. 4-15,

In Zone I
5y =0 ' L e xtag > 4 (4-192)
In Zone II
ey = b Stm 25 i‘ \.a.d.) BERAE e L ST
In Zone III
| Tk = -h coo -‘11?5.3-‘- gor X4y Ld gygn

As a first order approximation, the surface is assumed
invariant along the y-axis, and the radar return power can be
calculated from this ona;dimenlional mode of the lunar surface.
The general Kirchhoff integral is applied under the following
assumptions: - | | | i

a)' The radar beam q:osquudctionmhas-dimensions largé as

compared to T. | | |

b)  The radius of curvature of tho random rough 'surface ' é 4

is much greater than the wavelength of the znczdent

radiation.
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é c¢) The incident radiation is a horizontally polarized e
i plane wave.
d) Shadoving, multiple scattering and depolarization
effect is neglected.
i e) 3p and 3p are statistically independent.
The calculation of the monostatic backscatters energy
with'L = nT ig
(. o (E,E}> = (E.)(Ef} + D{E,g (4-195)

where D §E2} = (‘Ez- <Ez) ’ 2) is the variance of the complex

 variable E,.
P 8
a
E.(6,;8) = ’E‘E“"E'f exp[LhX+ L LB+ )] dx (4-196)

| T
| 3
T

‘ W

S

where |
E2(6; 0 5) is the reflected field from the surface.

©1 and ©, are angles of incident and reflection as measured

from the outward surface normal.

Eso is the field reflected in the direction of specular

LA < o 2 e 2

5 | reflection (63 = 8;) by a.lapaih, perfectly conducting

?'3 | plane at the lamc~diit§n°‘95 ;
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1 + cos (6 +62) o 139
F = sec B cos 91 -G-QilfcuEzzb

4L2 is taken as a sampling area
.\-f- = El - k.z

v, = k (sin ©; - sin O))

vz = -k (cos ©] + cos ©2)

T=xa, + (3+ 35) &,

Sr and 3, are functions of x denoting the height of
the rough surface.

The scattering geometry is shown in Fig 4-l6where

8, = -6; and F = 1/cos? ©;.

N={
— ' 1 Tv
W= 3R & eplamep, paTu (4-199)
W Eq, F ot | s\n LT -5 1nV,d
> - < ,1_'—-" el?( z ){ zv'/z VNV G

V ‘. opw -~ ‘s & . @n .vl‘l
S . .:, e:vﬂ V|‘. Q"‘f - é_

> Tuh [ £
+r=2~03-‘ v‘) vl vy +h)

b3 :r-vs. =‘“<V*’L—n-
+*§“L (t\ — s }>

Taking the co"xgugate of Eq.4 199, one obta:.ns

(E:,-) = < if"-"’f- ‘QxP(' z){ Sin V:-zv';:"\\/.d‘

(4-199)

‘ U Wd, ~Ndy O A
+% 3 m.)[ e el ae - SMndhe]
r:-ﬂ - .b (v' + tg’z.)

© 4 s %- 4,
+ T, : -
g..“ 3 ng.) = - By, } >1r (4-200)




140

K

2

4-17

Fia.




T OO U T e toe il BRI A - AP P
e & i s e
N B
. .

PR L s At

The variance of the return signal is 141
= (K T -2d L1
p{ed = <x g 2¢ ) Ee

¥ 2(-d) $ 5 WP maund 3% h)

f:-- n-w

[ S\ ¥ (f*%)

x |
B
\J T + m
I (p »p ] [(%)-\-(V,ﬁ{:&) (®) +(\4"F'1’1]
+ 44, z 3 W ch-v‘m T, CVh)

5':'0
sin I (4+9) | % }
) ’ z (4-201)
E, ‘%Gm][ (B)+ uf} >Sf
co \'}
K = \W\ Eu exr (—-G V! ) 2 -&—"_2)-— (4-202)
| T

The complete solution for the averaged radar return is
the'DC term, which is the product of Eq.4-199 and Eq. 4-20Q

plus the variance of Eq. 4-201

In the absencé of craters or hills, i.e., Sp = 0

(4-203)

(EIKELY = (WIPELF ur(”.)[ 2 ‘E ]

and

- = st oWy D oWt 2 B
DiE;g | w| Eu.F‘ epCawy T "'I‘tl‘[('-‘l)a ](4 ~204)
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i Therefore,
; * . e [ S\“vll 9
| {E,§ >}s,-o= lwi' Ex. F* '-*rG“"[ \ v,{ )
i oy oV  a) 2 Rant
; + 3 Lo T, | (4-205)
' ™ . T ( -i-s +v‘ )
i The factor |w| for the pure random surface equals unity
: and the result checks well with that calculated by Hayre
i and Kaufman (1965).
% In the absence of the general roughness, ZR = 0
. ¢ =0 (4-206)
- =0
B (4-207)
and the expression for average power in the absence of
random component is given as
. | 3 I ' »
twl Ee F Sin Yy 2 = Svn Veda
A CEENY| = AwfEeT ¢ { =
;Q ' a“.‘:O' X/z
(Ved, ipm “ihda  (Vd, pm DNy
1 3 Thh)| £ e e e e ]
; p=-e LC% o ET) .
i . o & s OV, + T34
i 4+ 2. L TGk I3 - > X
i PR SR 372 %
5
% ( Sm%E - sewd
g v ‘a .
£ d PR hdy  Ved n -0Gd,
%ﬁ + E 3‘ (v‘h" [ - c . e + €. - « 2 "'e ]
! Tl LC Ve + 2T )
5" r ‘ ‘y‘f ¢
\ “v .
o .4 S\n (VF-%)A‘
1 | + & 0 T (eh) . - - 3) (4-208)
PP "t AV % ~
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: In the absence of both BR and 3p, the surface becomes

a mirror reflector, and its radar reflectivity is

»* S\V\ Vl ) Z
. CEE D g =ELF" [ ] (4-209)
f p=°
For the monostatic case, one has

i

. .
' } ‘ F= o (4-210) }
. |

5 J

; V, = -‘%—\‘1 s\, (4-211) ;

x
The curves of F2 vs. B 1 and [—5::%-] vs. O, are

B presented in Fig.4-17.If T isd>X, [.5_‘_".‘_‘_’:.;.] decays very
¢ (kY

rapidly, and the product of the two curves may be approxi-

mated by an impulse, or

<E?E:>’¥’° = E:: $(e) (4-212)
pro

The significant terms in Eq. 4-205 for the conditions

OVy K1, =1 and o\ Y i which correspond to slight,

;ﬁ‘ moderate and very rough surfaces, respectively, have been . : .
E ] discussed in great detail by Beckman (1963). In the case
| of the lunar surface where tho. general random surface ,;;;_ppears b

’? ?z toc be very rough in terms of 3 cm wavelength (as shown in
]
4

Surveyor pictures) OV is indeed large compared to 1.
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Equation 4-205becores 144
(E,E[ > = D {E&Z (4-213)
AND
-m ) L P N m
ex(a[(-c‘\'a‘) (1-e® )] = Ffxp (- o™v b) (4-214)

.Substituting Eq.4-214 in the general expression for the

average power, one obtains

Wi E., F"
(E;E:'?‘=< e iy {Z(T

(C'Vt) B
=24) wT+ e

(ovay B
(%) + (4 + BT Vg

oo
Z(A;'dl) 2 J (‘ )
+ r:- L

(Th)'B
+ - + 44, £ T TN
(%Y 4+ (V- ”ﬂ‘al ' e T8 Cleh)

(o-m‘s .
[. (Eva)* +(Wy+Z ‘)‘5 ] (4-215)
In Fig.4-18a curve is plotted uaing Eq.4-215 with the

following parameters:

AN=3cm

¢ = .3 cm

B=3cnm

(wi= 1

T = 30 meters
ﬁr(ﬂ- .05 exp (-.05D)
g = .5D

e BT A A F e S b e o e e T T —
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h, = ,2D

h, = .02D

The results of other models (Hayre, 1962; Muhleman, 1964)
and experimental results (Evans and Pettingel, 1963) dealing
with lunar radar return are also plotted in Figd-l18and a com-

parison of these with results obtained by the model used in

this work shows very good comparison.

CONCLUSION

This cratered model of randomly rough lunar surface is
believed +*o be simple and yeﬁ,inclusivg of this important
and common feature of th; surface of the moon. Theoretical
work seems to yield a realistic result in.comparison and

other theories.




CHAPTER V

LUNAR SURFACE BIAS ON LANDING MODULE

ALTIMETER SIGNAL

5.1 Modulation System of the FM Radar Altimeter

The radar frequency modulated altimeter in the Apollo
landing module employs a continuous sawtooth modulated wave.
During the process of landing, the altitude of the vehicle
above the lunar surface or the distance between the trans-
mitter and the illuminated surface varies linearly with the
beat frequency resulting from mixing the backscattered
signal with the transmitted signal whereas all other high
frequencies are filtered out.

In order to make the beat frequencies significant along
the entire landing trajectory, two different slopes of the
sawtooth moduiation are applied as shown in Fig. 5-1. The 700
microsecond portioh upsweep is blanked out by the receiver.
The frequency mixing process averages the results over thirty
such 7000 microsecond long downsweeps, and the averaging
period is 231 milliseconds. The turn-around error thus
becomes insignificant in such an averaging process.

A monostatic near-vertical incidence radar operaﬁion is

assumed and the distance traversed by the moiule during the

signal travel to and from the lunar surface is negligible, as

seen in Fig.5-lwhere at ty the transmitting signal is A sin Zﬁftl
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while at t, it is A sin 2wf,t. If the height of the transmitter

2
with respect to the surface is h, and

(to-t1)c

h = 5 {5-1)
-
then the signal received at t, is § GA sin 2rfit where § is
the scattering coefficient of the surface, G is the total gain
{ of the antenna. |
The mixing and filtering process as shown in Fig.5-2is a :
simple multiplier, with its output |,
em(t) = [A sin 2\,T’f2t] [§GA sin folt]
© _ @ GAZ2
[ : —5’—§~ [Cos Zw(fl-fz)t + Cos 2w(f1+f2)t] (5-=2)
which, when filtered in order to remove the high frequency
. .
content, becomes:
GA2 . 4
e, (t) =j’T Cos 2rfyt - (5-3)
where
£Eg = £, - £ (5-4)
The output in Eg. 5-3 yields such important information about ; 1

the target because its amplitude at the beat frequency output

varies linearly with the scattering coefficient § . Thus a

4

knowledge of the backscattering power leads to an estimation
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of the lunar surface conditions in a probabilistic sense whereas

the altitude h may be obtained from.fB as,

frC
h = 2B (5-5
T ’
where
e _ f1 - £2 ,
t] - t2 (5-6)

At high gate £ is 1.14 x 10° cps/sec while at low gate, f is
5.76 x 103 cps/sec.

5.1.1 LM Mean Return Spectrum

The velocity of the Apollo module descending along the
trajectory may be described by its two components as shown in
Fig.5-3. The normal velocity Vy introduces doppler effect fg4

as given below.

2V
£y = _Ei.fc (5-7)

The beat frequency fB when the transmitter and target are both

stationary would be

_ 2h :
fg =< % (5-8)

and in the presence of the doppler effect, the beat frequency

would become

fg=5 £ - % (5-9)
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1

The mean return power spectrum is expressed as (Rice, 1944,
1945)
Ty = Awre’(e)f (o) £ .
B Br7C21 3 (5-10)
"2h 3h = _
for—c—f-fD<fB<-E-f fD
where
UJr = the transmitting output power
G (8) = the gain of the antenna
§(9)= the surface scattering coefficient
f = the time rate of frequency modulation
fB = the beat frequency
fD = the doppler frequency
and the expected frequency, fﬁ is
3h : 1/2
- T th -
T - f PZfBS daf
B ELRP,
2h7: ¢ c =D (5-11)
c D f P(fp) df ]
- 2h’ ;
<

It is therefore necessary to analyze the beat frequencies

for each section of the trajectory because both the altitude

and both velocity components of the vehicle are varying. These

changes significantly effect the output of the altimeter.
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Y




s ; 153
Taking two points A and B on the trajectory as shown

in Fig.5-3 one may write down all the necessary parameters

u as
vV, = 1225 feet/sec
V. = 125 feet/sec
y d
At = %‘_ = 36 usec

f=1.14 x 103 cps/xsec

‘ fat = 40 x 103 cps

£, = 20 £o = 2.4 x 10% cps

During the averaging period of 231 milliseconds, the

linear surface distance covered is

' ‘ L = 1225 ft/sec x 231 x lO"3 secC (5-12)

283 feet

The radar beam cross-section at A is shown in Fig.5-4. The
average scattering coefficient<§(®)> may be calculated using
a two-dimensional séatteringvgeometry employing the super-
position method (Hayre and Tong{ 1967), and having calculated
fP(e) , p(E;) and Ty can then be obtained from Eq.5-10 and
Eq. 5-11 .

At psint B. one has

V., = 26.3 feet/sec

| X
) Vy = 10.6 feet/sec
at = 22 = .41 usec | A




£F=5.76 x 10° cps/sec

fAt 2.35 x 103 cps

£

207 cps

The radar beam cross-section at B is shown in Fig. 5-4,

3

L = 26,3 feet/sec x 231 x 10 ° sec

[

6 feet

Since the radar beam cross-section is small compared to
the dimensions of the significant hazardous features, the
scattering coefficient may be approximated by the one-dimen-
sional solution. Again it is necessary to apply Eg.5-10 and

Eg. 5-11 for the calculation of the mean return power spectrum

P(fg) and the expected beat frequency Eﬁ.

5.1.2 Conclusion

This discussion indicates that the FM altimeter response
may be analyzed to obtain the necessary information during the
Apollo landing, namely the return energy level and the beat

frequency. The return energy level generally represented by

" the scattering coefficient, indicates the surface roughness

whereas the beat frequency is linearly proportional to the
radar range. As seen from Eg.5-10 and Eq.5-11 , this infor-
mation is directly related to the séattering coefficient. And
a reasonably exact solution has been derived by superposition
of a random crater-array and a Gaussian rough surface (Hayre

and Tong, 1967).
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Probable Deviations in Altitude Reading Given by the

LM Altimeter for the Most Rough Surface Along a Certain

Given Trajectory

The spectrum of tho,backlcattored energy for ithe Pre-
quency Modulated Altimeter may be analyzed to obtxsin the
target range variations versus the target surface conditions,
And the expected frequency, and consequently the associate

altitude may be calculated (Rice, 19%44) as

L A+
- < 2 T2
j G o) G (e ag,
' £
<g > = ’:.25-3’ T z ~ (5-13)
8 - iﬁi'ﬁu .
[" G (0) 0Ce) i
2hg > 3
-~ _2_-;‘ 8 A
where |
fp = the static beat frequency
h = the actual range
fp = the doppler frequency
£ = the FM slope
c = velocity of light

G2(6) = the two-way antenna gain

o(8) = the target scattering coefficient

FPor the Landing Module (LM), the radar has a beam width
of 3.5° by 7° and the orientation of the beam on the landing

track is as shown in Pig 5-5 for vertical incidence case.
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Tevehdown
B 7°U Approaching track

0

Fig. 5-5 The minor-axis of the radar beam
parallel to the direction of motion.

: The return signal is averaged over a period¢ of 23l
milliseconds along the trajectory. The horizontal velocity

of the LM during landing is small, and the surfzce covered

by the radar in one period is comparable to 150% of the
beam cross-section (Tong and Hayre, 1967). Considering
that the pitch angle of the vehicle, and the antenna angle

do no* vary within an averaging period, it suffices to

L

treat the system as stationary with respect to the hor-

izontal axis, If the width of the 1anding track scanned
by the radar is normalized, the average beat freouency may
be approximated uaing a one-dimensicnal profile.

In what follows the average beat frequency for 6 =

at a fixed altitude is calculated.

Fig. 5-6 Geometry of the Apollo radar-detection.




As shown in Fig.35-¢ the transformation of f; to & would

_ A C £ = 2hg
h — 2% or [N - C
£.e 2h £
' 2.4 or ;‘ = C Cos ¥,
2 - Q_% or LEs C cos .P;
In general; L _ zh £
B - C CoS o
and d‘;\: 2-\\‘}- S.\H‘ Ae
] C C.OS"Q

Substituting 5-15,5-16,5-17and5-18 in5-13, one obtains,

b,
) [~ G TLe) MNoAB
(§.5 = 2h{ Yo '
e < f‘@(e\ g(a)coseSine&e
X .

The expression -z%-f- in Eq.5-19is the beat frequency

corresponding to the actual altitude of the transmitter,

157

be;

(5-14)

(5-15)

(5-16)

(5-17)

(5-18)

%

(5-19) .

whereas the sguare root term is the ratio of the detected

altitude t¢ the actual altitude. Since the percent de-
viation in aititude is the essential information, one |
neads only to carry the calculation of the aquare root

part of Eq. 5-13.
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Based on the information of the radar beamw:idih, the
antenna gain is approximated to be
G2(e) = cost 136 (5-20)

and the scattering cross-section ia chosen of point No. &
Site P-II-6 of static runs of the acoustic simulztion test
and is shown in Fig. 5-7.

The percent deviation is plotted as shown in Pig. 5-8,

-

5.2.1 Conclusipn

This calculation shows that the percent deviation of
the altitude reading from the actual would vary considerably
from 79% to 203% correspondipg to angles of incidence of
0° (vertical incidence) to 60° dagrees. A close examination
of these results i;dicate the variation t)> be within % 10%
£;r look angles of 0, 59, 10°, 20°, 25°, and 30°, whereas
for 15° angle of incidence it is -22% and for angles greater
than 309, it inéreaaal almost monotonically to +203% at
o = 60°
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o(e) of pPoint No. 8 Site -

X = 88,5 K feet

'y = 17.3 K feet
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CHAPTER VI
RADAR CROSS-SECTION AT POINTS ALONG TRAJECTORY

6.1 Simulated LM Static Reflectivity Data for Site P-II-6

A brief discussion of the LM acoustic simulation system and
procedures used in taking static reflectivity data is given. A
total of thirty points along the landing trajectory were selected
for this data. The reflected field was plotted in dbs versus
incident angles for quick reference and each set is refered to a
difference 0°-reference return in db. This is later modified and

all points have a common reference at maximum altitude.

6.1.1 Surface Model

The landing track with a length of 177 K feet is modeled on
36 feet long, 4 feet wide aluminum-base model composed of six sec-
tions 4' x 6' in size, as shown in Figs. 6-1 and 6-2. The scaling,
design ‘and construction have been reported in detail in a previous

report (Hayre, Boyd and Tong, TR-67-8, 1967), and also in Chapter III.

6.1.2 Selection of Points

A total of 30 points were selected for the static data
with appropriate consideration for low altitude effects. The
distribution of ihe points along the landing trajectory is
listed in Table 6-1 and shown in Fig. 6-3. Only a few data points
were chosen at higher altitudes, whereas the point distribution

along the trajectory becomes denser near the landing zone. The

points were so chosen as to allow sufficient surface overlapping § l




more, the reflectivity information is more critical at low

'6.1.3 Model Surface Mounting

162

from one point to the next so that the whole track would be
illuminated in subsequent look angles at various points. Further-

altitude than it is at high altitude because of the smaller

. area illuminated at latter altitudes.

The model surface is attached to a fixed metal frame

inside the water tank. The metal frame is mechanically iso-

lated from other structures such that the experiment is noise

free  (vibration).

6.1.4 Transmitter and Receiver Mounting

The transmitter and receiver are mounted on a rigid

arm attached to a motor carrier. The carrier and the surface

frame have the same mec..anical reference so that any vibra-

tion will be self-cancelled.

6.1.5 Positioning of the Transmitter and Receiver

The X (lateral distance measured from the center of the
landing zone) and Y (altitude from the lunar surface) position
of the carrier are controilad by DC motors which havg;kuilt-in
mechanical feedback. ‘These position reading signals are fed

into digital encoders with a readout accuracy up to a hundredth

of an:inch. The angular contrxol of the transmitter and receiver
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is designed to change one degree per pulse input. The angular
swing is from 0° to 70° toward the landing, as shown in Pig.6 -4.

Pigure 5> 5shows the overall elecirical and mechanical layout of

the entire systenm.

6.1.6 Data

A sample of raw data is presented in Fig 6-6 where the
return signal envelope is plotted. The incident angle of the
transmitter corresponds to the number of pulses and is also
recorded in the same graphs. Fig6-7 through Fig6-36 are the
return signal in dbs plotted versus the incident angle of
the transmitter and has a resolution of 1 degree.

Bach plot of reflected f£ield versus angle of incidence
is plotted on a separate shest with such details as altitude,
distance from landing sone, and x,y positions or the model
and model number. Each set of data was taken after the
systen vas calibtatod using flat plate model and repesatability
of this data was assured before makiag these rums. '

6.1.7 Conclusion

The LM acoustic simmlation systam has bees carefully
designed and built to avoid any extraneous vibration. The
positioning and switching of all mechanical components have
been operated and checked electronically to a-surc'thq conti~
nuity in the simulation process. BEach set of data has been
run and recorded repeatedly to the poiat watil satisfactory
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comparison is made between runs. Thereforxe it is believed
that optimum accuracy has been achieved within our scope upon
the present existing systea. ) |
The return signal has also been re-examined point by -
point throughout the physical model. The curves agree favorably
with predictions by the scattering theory. Any unexpected fluct-
uation caused by the frame iron angle near the edge of the
model structurs is pin-pointed. lﬁch error, however, may be
neglected and itc real level may be interpreted from its

neighboring data points.
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DISTANCE (x',x) FROM CENTER OF LAMDING EILIPSE 166
| x L. X AN Y L5, Arf ! Al
- 1 177 K 143.7372 25000 | 43,7956
‘ 2 150 X 96,3504 23000 1 40.2920
3 125 K 52.5547 20800 36,4380
s 107.5 K 21.8978 119200 33.6350 N
5 100 X 8.7591 _ 18400 32,2336 -
p % 95 K 0.0 17950 JL. 4453 *
7 95 K 143.7372 | 17950 | 3;.4453 f
g 88.5 K 132.3504 17300 | _30.3066 |
9 78.3 K 113.9562 16200 | 28.379% R
10 75 K 108.7007 15800 L 27,5780 M} i
11 53.9 K 71,9124 | 12800 | 22.4234 !
i2 36.2 K 40.7299 9250 16.2044 |
i 12 34,9 K 38.4526 | 8938 | 15.6578 i
| | 14 33.7 X 36.3504 . 8622 15,4042 ?
;o {15 32.5 X 34.2482 8310 14,5577 *
o 16 27.9 K 26.1898 TLEG i 12,5385
17 25 K 21,1085 6500 | 1}.3869
g 18 22.8 K 17,2555 5870 { 10,2822
3 . 19 18.3 K 9.3723 ¢800 8.4088
f ] 20 14.4 K 2.5401 3800 6.6569 |
: 21 12.95K P 0.0 | 3400 5.9562
= 22 | 12950 . 143.8896 3406 17,7778
o 23 { 11000 122.2222 3000 i 33,3333
| ] 24 | 8100 90.0000 - 2300 25,8556
?_‘ 25 | 5740 63.7778 47860 _ 19,5556 ]
3 26 | 3870 : 43.0000 . 3290 14,3333
% 27 | 2430 . 21.0000 -} 500 15.0007
o 28 { 1710 19.0000 __ase 17,7778
. 29 | 1380 15,3233 600 | 6.6667
: 30 740 8.2222 0o 4. 4444 ;
- 31 670 77,4444 ' 373 4.1444 ]
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P1G. 6-4 H
OVER VIEW OF THE RELATIVE LOCATIONS OF Lx 3IMULATKD
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TABLE
MODEL ANLC FULL SCALE ALTITUDE fy',y) AND HORIZONTAL

DISTANCE (x',x) FROM CENTER OF LANDINC ELLIPSL

x ft, x' in. y ft. y' in.
1 177 143.7372 25000 43,7956 F
2 150 K 96.3504 23000 40,2920
3 125 X 52,5547 20800 36.4380
4 107.5 k 21.8978 19200 33,6350 ‘ ’
el 8,752 184900 32,2336 |
6 95 k 0.0 17950 31.4453
7 95  k 143,737< 17950 31.4453
8 88,5 k _232,3%06 17300 30,3066 4
9 78.3 k 113.9562 16200 28.3796 =
10 75  kk 108,7007 15800 27,6788 |
11 53.9 k 71.9124 12800 22.6234
12 36.2 k 40.7299 9250 16.20:4
13 34.9 k 38.4526 8938 15.6578 g
14 33.7 k 36.3504 8622 15.042
15 32.5 k 34.2482 8310 14.5577
16 27.9 k 26.1898 7150 12.5255
17 25 k 21,1095 6500 11.3869 ‘
18 22,8 k 17,2555 _5870 A0.2832 | |
S ST T SN 9.3723 4800 B8.4088 | ]
S WS TN 2.5401 3600 6.6569
|21 12,95k 0,0 3400 S |
|22 12950 143,8896 3400 : ‘
23 12000 322.2222 3000 33.2 |
|24 8100 90,0000 2300 25.5 |
|25 5740 63,7728 1760 19.5 |
26 3870 43,0000 1290 14.3 |
|27 2430 27,0000 900 10.0 |
28 1710 19.0000 700 7.75 j
' 29 1380 15,3333 £ 00 6.65
|30 740 8.2222 400 4.45 J
= 670 7.4444 373 4.14
' 32 246 2,7323 220 2.44
33 195 2.1667 200 2.22
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SUMMARY OF NORMALIZED ULTRASONIC SIMULATION
' REFLECTIVITY DATA (RCS) FOR TRAJECTORY POINTS (P-II1-6)
DEGREES CORRESPOND TO -DB i
- ol 5 | 10| 15| 20| 25| 30| 35| 40| 4as| so| ss! 6ol es| 70|l
1 o|-8]|- 7| -14| -12[ -12| -14 [-21 ] -21| -17 [-19 |-22| --| -] --
2 0| -19] -26| -19| -16| -26| -32 | ~34 | -36| -34 [-37 | - | | --
3 0 ol -1s] -11] -12] <10} -10] ~20] ~13] =21 [-25 ] -=] =] =] --
4 0l-4]-6] - 6] + 2 0] -15|-13] - 2| -8|-14|-8] --] --] --
5 0l -3] =11l <12] -19] =221 »22]1 ~23] =18] . oc] cc] cc] =] =] --
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CHAPTER VII
DYNAMIC DATA

The dynamic trajectory was simulated and the data for it
was equivalent to scanning the target with fixed velocity,
pitch angle, and elevation. This is substantiated by the
theory that a sampling of the field from many points on a
target which the transmitter is in motion is equivalent to
sampling it at fixed altitude, with pitch angle aid velocity
fixed. 1In particular, when it is desired to obtain upper and
lower limits for a reflectivity curve for certain altitudes
is concerned, it is advisable to sample sufficiently often to
obtain a target (statistically significant) population of
data in order to establish these bounds. The data taken for
this requirement was supplied on magnetic tapes to NASA and
its summary is enclosed on the following pages.

Certain such dynamic data was reduced at the University

of Houston and its statistical analysis will be performed

under the 1968-69 contract.
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’ TAPE NO. 1
f Calibration--NASA Fixed Height--Speed
| DATA TARGET P-TI-A-B
[ TAPE NO. 2-1, 2F, 2
|
J Run 1 = 31.5 - 3 + 26.28 25" Farside Carriage Setting
y Voltage = 25.3 (1.77 1IPS)
Y = 15K
Ch. 1 -M Level set at .48 volt
717 =-B Distribution Level set at Reference set at
10 - 10 kc clock
12 - Voice
Ch., 2 h=17.52 V= 24,2
V= 14.2
Ch. 2 - Rerun at Vv = 24.2 Volts
TAPE NO. 3
Calibration--Channel 1, 7 3V RMS or 100 kc Sine 1.69 IPS
Run 3 h = 13.14 V=18.73 (4 F)
Run 4 h= 8.76 v= 7.55
Run 5 h= 8.76 V= 15.1
Run 6 h = 8.76 V= 30.2
25" —-m-ee S8 1/2°
Run 7 h= 4,38 Vs 8.5
TAPE NO. 4 8F , 8F , 8F 8/30/68
Run 10 h = 283" V = 34.0 (70°)
Calibration =5 V dc
TAPE NO. 5
Run 9 h=s 2.83 vV=17.0 (70°)
Run 8 e 3.53" V= 8.5 (70°)
Run 11 F (Mixer h= 2.63" V= 7.32 (60°)
in trouble)
Run 12 h \Y 5.32 (50°)
TAPE NO. 6
Calibration F %5 V dc
Run 1l1F h= 2,63" v= 7.32 (60°)
Calibration
Run 11 h s J. 853 V= 4,56 (40°)
TAPE NO. 7
Run 13 half h= 3.53" V= 4,56 (40°) J
Run 13 half h = 3.0 V= 4.56 (40°)
Calibration
Run 14 e J:63% v= 4.0 0.17 IPS
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APPENDIX A
ANALOGIES

The following is a well known NASA report from which

this chapter is reproduced.
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ANALOGIES

The analogies between various traveling wave phencuena
have been recognized and used for many years.l,2 It is a
common practice to vtilize well developed techniques in 2
familiar subject teo investigate similar phenomena in another
area. In some spplications the analcgy may be completely
valid and in other cases it may be incomplete or inexact,
s0 the results must be interpreted with care. 1In this
investigation, it is assumed that the medium through which
the waves propagate is linear and isotropic when developiny
the analogies. It is, howevar, possible to use these
modeling tochnig\nl to study propagation through a non-
homogeneous medium.

It is shown in this investigation that certain pro-
blems concerning the scattering of electromagnetic waves
from rough surfaces can be wodeled in a system using
acoustic waves. Either the dynamic pressure or the particle
velocity in the model system) can be nade equivalent to )
the electric or magnetic field intensity in the real systen.”
The ana is investigated for the case of electromagnetic
vaves in air and boundary conditions are considered. It i
assured that the acoustic carriex freguency is low encugh
that losses in the water remain negligible.4

A.l Wave Equations

Maxwell's equations in free space can be vritten as

VXE= '/‘f}% (A-1)
ard
VX H = e ;% (A-2)

lyordan, op. cit.
2yeyexr, op. cit. ,
dMoore, Traveling-Wave Engineering, op. cit., p. 49.

41 ¢ plane wave attenuation in fresh water is approximatsly
0.2 db per meter at a frequency of 1 mc and it increases

approximately with the square of the frequeacy.
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[y where E is the electric field intensity (the bar indicates -
a vector guantity),
H is the magnetic field intensity, : .
uo is the permeability of free space, and
€eo is the dielectric constant of free space.
A corresponding pair of partial differential equations can
be written to describe the pressure and velocity fields of
an acoustic wave in a fluid.l Adiabatic compression and
expansion are assumed? and the compressibility is considered
to be much less than unity, These equations are
VP = o 5t (A=3)
and
P
. - A‘é
: v H, = K n ( )
; where P is the dynamic acoustic pressure,
U is the particle wvelocity,
P is the density of the fluid, and
K is the compragsibility of the fluid.
i‘ The wave equations ,Jor the two systems are readily
obtained fvam Equations A-) and A-2, and fror Equations
: ?+-3 ané A-4, These wave eguations are
’ | 32E
| V2E = 4pmto 3E2 (A-5)
and
VoH = 2%d
= ®mo%s T2 (A-6)
Zor the eloctromaqnctié wave, and
v2p = 4K m;zp (A=7)
and 8
22U
V20 + ¥ x V x U = &K 3pz (A-8)
lMorse, Philip M., Vibrat.on and Sound, McGraw-Hill, 1948,
Chapter 7.
2The compression and expansion are said to be 2diabatic when '
the temperature changez and the heat energy does not change. ‘

The acoustic frequencies used are in the range of one mega-
cycle per second which is high enough that heat flow is
negligible during one cycle.
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for the acoustic wave. Equation 2~8 can be simplified and
written as :

! 2
¥2U = 00K Sr5 (A-9)

for cases where curl (curl U) is smail en6ﬁgh to neglect.lt

These wave equations form the basis for the useful
analogy between acoustic and electromagnetic waves. It
should be observed that electromagnetic waves are transverse
while acoustic waves are longitudinal in nature. This basic
difference between the two wave phenomena will prevent the
analogy from being complete for all situations that might
arise. Polarization effects are not present with acoustic
waves. There are important phenomena, however, that are
caused by the effects of interference. These effects are
reproduced in the acoustic field and can be useful in pre-

dicting similar effects in the electromagnetic field.

A.2 §Pherical Waves

The analogy betisen the slectromagnetic wave and the
acoustic wave is investigated first for the case of spherical
geametry and for elementary sources. A short current element
is used to establish an electromagnetic field., Several
different acoustic sources are then considered and useful
amalogies are determined for each case,

A,2.1 Short Current Element = A short current element is
located along the polar axis at the origin of a spherical
coordinate gystem as shown in Figure A-1,

H
&

© [ Lo

a2 %B

Short Current Element

Figure A-1

1Weinstein, M., 8., On the Failure of Plane Wave Theory to
Predict the Reflection of a Narrow Ultra Sonic Beam,"
Jour. Acoust. Soc. of Am., Vol. 24, No. 3, May 1352,

pp. 284-87.

k. S
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A solutien for the field distributionsg ghoui, the akord vile
carrying & sipusoidally oscillating current b:s o 5 Te e
pressed in spherical coordinates as

I &l“ _ - ,"‘l 1‘, - o .
mn = B eIy ¢ ol o (210
A

K :C [Slﬂ - > % 1 )‘[z Ve o .
Ee = —%— e j}“l(-f -+ 72-:»-:-"“2‘ - 7;‘;5-,3';;;,'3}:,..;1 ¢ (A-11)

and
my = 3 AL o-dkx ] L ?Z'Zif??} sin 6 (A-12)

whore In 15 the pesk value of the CULRant,

a1 is the length of the elemanikary copductor znd is
nuch zhorter then a wavelergth,

A is the wave length,
¥ ig the wave nunber, 2w/i, and
n is the intringic impedance of fres space.

A
ay

A.2.2 Double Acoustic Sourze - The snalogles ars develonpail
eirat Getwasn the Fieics about a dovhle acousiic scurcs and |
the fields about the short current slameny. The doublie aUCUsie
aqource consists of fwo elamantary sypherleal JonnoRs oparaiing
1800 out of phase with each othexr z.d separut.d oy a shourht

3 4 i 5% =T .71 e T T R S e , - .3 = -
distance A}, wheze &4i &8 Vory gnisil coppaved vo the dirctance

b4 = e Ay Ly o M 2+ : 4 P‘ A i St ad -
0 4the cbhgervation point.® The geonetry g qaven il Figure A-2,

oy e

; o
{ 9 e e
L S
. ar Fawr
2 ?‘ ; W:”UWIJ PP P Y Aty O P s SRS
» ] ~ 7 )‘
A‘} LA i§ )}\ e,
TR r“'é i W
/// $ T
H
/ t

P Bae i 3 »J s
aoouneia Doubdle Epurce

U]

rLgure A2

Isinugonidally varving szignals are represented by e1¥C ang
the time variaticn is suppressed in the equations.

2schelkynn®f, S. A. and Pyiis, H. T., Antennas, Theory =ud
Practice, J igy and Sons, Wew Yok, 1987, p. L4,
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3The pulsing spheres ave much smaller Zhan o wavelangiii
hovever. ALiis not restricted to dimensions loes “hen
wavelength in size
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A solution for the pressure and velocity fields about
the sourcel, using wave Equations A-7 and A-8, can ba
expressad in gpherical coordinates for the case of
sinusoidal varlations as

Py = Z§E§55~E e"ikr-% cos © (A-13)
and
U, = Iﬁ.g.g.‘ﬂ. e~ Jkr (%. + ?’i‘%’i’z' cog 0 | (A-14)

where P; is the dynamic pressure phasor,
Uy is the particle velocity phasor,
A is the area of onhe elementary sphere,

Uy 18 the maximum value of the velocity of the surfaca
of the source,

2 is the specific acoustic impedance {product of the
.dengity and velocity of propagation), and
|

A is the wave length.

There is an obvious partial analogy between the magnetic
field intensity expressed by Eguation A-12 and the particle
velocity expressed by Eguation A-14 with the exception that
a sin o appears in one case and a cos 6 appsars in the other
case. The analogy between the electric field compcnent, Eg
glven by Equation A-~11 and the pressure, Pi, given by
Equation A~-13 is evident only when the distance » is lazger
80 that temms of the order 1/r2 are negligible. There is no
component of the acoustic field that compares toc the radial
component of the electromagnetic field given by Equation A-10.,

There are several analogies between the electromagnetic
wave and the acoustic wave that can be useful. The first
analogy is

H¢ U
I SIne * Gon s (A-15)

where texrms of order l/r and 1/r% are considered. The peak
value of the current is proportional to the peak particle
velocity in the acoustic system. The analogy bzeaks down
at the points where & goes to Zero or »/2, but is valid in
the reqgion samewhat closer to the scurce than the other
analogies because terms of order 1/r? are retained. ‘“he
value of r, however, must still remain much greater than

Al as required for the solutions A~13 and A-14 to be valid.

lrandall, Relurt H., An Introduction to Acoustlcs, »ddison~
Waesley, Cambridye, Mass., 1951, p. 58.
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Three azdditional znalogies can be cbtained for the
case where r is large, so that temms of the order 1/r?
and L/x3 con be neglected. These analogles are tabulated
in Tabla A-l, Ti ghouvld be okserved from Figure ap-2 and
Egquations A=-13 and A-14 that the radiaticn f£ield fxom the
acoustic dipole is o maximwn along the axls of the dipole.
This presents practical difficulties in realizing a sulitabla
dipole source, since the transdncer will interfexe with the
wave propagation because of 1ts physical size. Lecause of
thege difficultiesz in cbhtaining an acoustle dipale gource
of this type, 1t is desirable to investligate the posgible
analogies using other scoustic sources.
TABLE A=l
- ANALOGIES ~ ACQUSTIC DOUBLE SOURCE AND SHORT CURRENT ELEMENT
- Enalogy L5 Acoustic Analogous
Pair System Svaton Toyms
H Uy
1 BiEg g Lir L/r?
2 2l "5 . e
| Tein e coz 9 1rx
, __He Py .
3 4 sin # cog § 1z
E® Uy | i/x
- 12 T e eng® 4 ........):.w..... *
4 R cog ~
A.2.3 Blewentary Spherical Sourcs -~ Considey now the acoustic
fields about &n elemencary pulsing aphere. Solutions to the
wave eguationz for this simple source can ke written as
.. .
py = j 0ok emikx 2 (A-16)
and
I\« A Iy | A _
Up = 3§ =53 &™) (hr * 7iER o (A-17)
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The analogy between the particle velocity in hgyuation A-17
and the magnetic field intensﬁty in Equaticn A-12 extands
through terms of ocvdexr 1/r2 as in the case o the double
acoustic source, and the sin & term is missing. The snalogy
between pressure and electric or magnetic field intensity

is valld only for the case of large range where terms of
order 1/r? and 1/x3 can be neglected. The sin 6 temm is
again missing in the expregsion for acoustic prassure.

The analogies that can be drawn between the acoustic
wave equaticn solutions for an elementary gpherical source
and the elactromagnetic fields about a short current carrying
conductox are given in Table A-2, These analogies appear to
be fully as useful as those involving +the more complicated
acoustic double szource discussed earlier.

TANLE A-2

- ANALOGIES ~ ELEMENTARY SPHERICAL SOQURCE AND SHORY CURRENT ELEMENT

Rnéiogy BEM Acoustfé Anaiogous
Pair Svstem System Tarng
1 o Uy Y 1r 1/x?
EG 4 (3
2 ﬂ"m ?1 Lie
Hy
3 4§ T""‘S“ n 8 Pl l/r
ES .,
4 8in'@ Ur /=

A.2.4 Acoustic Dipole -~ As the final example of an acocusitic

source consider an acoustic dipole which is defined as a sphere
which vibrates along the polar axis in a prescribed manner. In

this case the sphere is assumed to be small compared to a wave-
length and the vibration is assumed to be sinusoidal as in the
previous examples (refer to Plgure A-2 for the geometxy).

i~
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The dynamic pressure can be expressed as
-3AU~R & -k 1 A A —
Py = ""?TQ”““ e~J (%-+ VCET coa 0 (A-18)

and the particle velocity can be expressed as

. R X 1 2A 2a° .
0 = 008 i (3 v 2 - B cee v g

where "a® is tha radius of the spherical pource.l

In this example the dynamic pressure eguation isg
aralegous to the magnetic field intensity equation for
terms varying as 1/r and 1/r2. In the previous examples,
it was the vector particle velocity that was analogous to
tifis extent. The analogy between the particle velocity
and the @& component of the electric field intensity about
the short current element is wvalid for large wvaluea of
range so that highex oréer teyrms are negligible. The
terme in 1/r? and 1/r3 avxe different from the corrxesponding
texms in Eguation A-ll by only a factor of two. The
analogies are tabulazted in Table A~-3,

A.3 Plane Waves

The problem of analogles is somewhat simplified when
plane waves with sinusoidal time variations are being con-
sidered. The wave equatiors cam be written in rectangular

2 ™

TABLE A-3

ANALOGYES ~ ACOUSTIC DIPOLE AND SHORT CURRENT ELEMENT

Anzlogy 551 AcCOUSEtic Anp.iogous
Pair - System System Tarms
H - 2
E T 5T ke E UYx
Eo
; S
2 T sin ¢ = cos 6 Az
3 H Ur i/x
g sgn ) = cos ©
Eeo P1
$ Jsin @ ~"cos 8 i/r

lMorse, op. cit., p. 318,
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coordinates as

25 ’

G + WhyoroRy = 0 - )
and

a4y + 02 H. = 0 5, (A-21)
for & linezrly poliarizad slectromagnetic uwava, and

Aa2p

Trze + udooKEL = 0 (A-22)
and

a2, | 2 . .

T2 T wiPoRUy = 0 (A=-23)
for the acoustic wave.l Solutions for the slectric and
magnetic field intensities arxe given by

By = Egpe~WyZBeo x (A-24)

Hy = Hpe J¥¥20¢0 X (A-25)
and solutions for the dynamic acoustic pressure and particle
velocity arae given by

o V‘ LY
Py = Pype~I¥ pok X (A-26)
Ug = Upe Y Yook x (A-27)

The analogies foxr the plane wave case axe tabulatsd in
Table A "44

TABLE A-~4
PLANE WAVE BAMALOGIES

Palrx EM System Acoustlc System
l Hz Pl
2 Ey Ux
3 Hy ; Ux
4 Ey Pl

iMoore, op. cit., EE-22,
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The analogies for the case of linearly polarized
plane electromagnetic waves and plane acouatic waves
are complete without the addition of trigonometyic terms.
This desirable situation will not always prevail, however,
as vwill be evident whon boundary conditions arxe considered.

In the discussion tc this point the scalar nature cf
pressure has presented no particular difficulty. The
analogy is exact when censidering the radiation fields in
space, providing the spwropr’ate trigonometric relaiions
are taken into account and both components of the elsciro-
magnetic radiation f£ield can be determined frum measurements
of either the dynamic prsssure ox the particle velocity in
the acoustic field.

2.4 Plane-~Wave Reflection

The modeling problem at hand is essentially one of
duplicating in an appropriate mannex the boundary conditions
experienced in the real system, since the propagating waves
are adequately modeled. The general conditioneg that must
be satisfied at the interface are given first and then
several examples are consildered.

2.4.1Boundexy Conditions ~ Boundary conditions that must be
satisfied have similar caaracteristics in the two systems.
Neglecting shear stressos in the liquid,? the boundary

conditiors can be eupressed &s

nx {By - B2} =0 | (A-28)
and

n X (Hy - Hp} = 0 (A-29)
for the electromagnetic field, and as

Pl = Py ? (A-30)

and

nr (Uy -3C2) =0 (A-31)

lThe skin depth for the viscous wave in water at 200 C ig
about 0.5 miczon.

Y
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for the acoustic field, where ﬁris a unit wvector normal to-
the surface. Thase aequations state that the tangential
oamponents of E and H are continuous across the boundary as
are the pressure, p, and the normal component of the particle
velocity, u.

The situation is considered first at theoretically
pexfect anrfaces, and then realizable surfaces axe inves-
tigated. Boundary conditiong at a perfect conductor require
the tangential electric fleld to be zero and the tangential
nagnetic field to ba two timem the incident field. On the
other hand, at a perfactly elastic wall, (pressure release
surface) the dynamic pressure is zero and the normal con-
ponent of the total particle wvaelocity is twice the nommal

ent of {he incident particle velocity. In each of
these situaticns there is no wave propagation beyond the
interface.

When a plane electromagnetic wave iz normally incident
on a perfectly conducting plane surface, the field components
are both parallal to the surface and the electric field com-

t can be made equivalent to either the pressure or the
particle velocity in the acoustic wave. When the electric
field is made equivalent to pressure, a perfectly elastic
boundary is required .n the acoustic system in order to
obtain the proper phase relationships. On 'the other hand,

a perfectly rigid boundary is required when the electric
field is made equivalent to the particle velocity in the
acoustic wave.

A.4.2 Snell's Law - The boundary conditions require that the
phase velocities be identic¢al along the .intarface in both
media. This requirement results in Snell's law which applies
equally well to the electromagnetic or acouwstic wave and is
axprassed as ‘ <

kl sin 81 = k; sin 6r = ky 83.!1 01: (A-—32‘).{;‘;‘> |

vhere 01 is the angle of incidence,

or is the angle of reflection, .

8¢ is the angle of transmission, and

k) and k2 are the wave numbers (2x/)) in the two media.
Snell's law for the acoustic wave is frequently written as

v
sin 68y = v%-sin 84 . (A-33)

‘since the phase velocities v; and v, are commonly available

for different materials.
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Obligue Incidence Reflection ~ Linearly polarized
plane elec agnetic waves vill be considered in this
section., In addition the elactric field vector will be
assumed to lie in the plana of incidence (TM wave). For
this situation the tangential component of the electric
field intensity is reduced by a factor, cos 6, where ¢
is the angle of incidence as measured from the noxmal to
the surface. It is thersfore necessary to let the vector
particle velocity in the acoustic wave be equivalent to
the electric field intensity in the electromagnetic wave,
sinoce the normal ocomponent of the particle velacity is
also xeduced by a factor, cos 6. The magnetic field
intensity is parallel to the interface and the dynamic
aocustic pressure is a egcalar so neither of these quantities
is s2fected by the angle of incidence.

The reflection coefficient is by definition the ratio
of the tangential component of the reflected electric field
to the tangential component of the incident electrxic field
and can be written as '

réa _ Ep ¢, : (A-34)
r i tan .

where the subscripts i and x refsxr to the incident and

reflected fields rexpectively.l Superscripts a and w are

used to refer to the electromagnetic field in air or to

the acoustic field in water. In terms of the magnetic
field the above reflection coefficient bacomes

H

The reflection coafificlent For the acoustic wave is
defined here in a aimilar manner in terms of particle
=eloclty as ‘ .

The above reflection coefficient can also be expressed in
tems of the dynamic pressure as

l'i! " - %—’{f (A-37)

lThe reflection coefficient is ordinarily complex.
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At a perfect conductor the reflection wscafficient for
the E componont of an eleciromagnetic wave iz -1 as given
by Equation A-34, Since the tangential component of the E
field must be 2ex0 on the surface, the corresponding situa-
tion for the acoustic wave occuxs on a perfectly rigid wall
wherz the nozmal component of particlce velecity goes to
zero. Thexefore, Equakion A~-36 corrzesponts to Equation 2-34,
and the positive sign iz used. It 18 -cw necessary o use
a minus sign on Equaticn A--35 and A~37, since the tangentiel
component of ¥ and the pressure both double at the correspond-
ing perfect gurfaces.

The concept of directional impedance is useful waen
considering obligque incidease y&flection of plane waves.
The impedance in the x direction can be expriacsed as

23, = Eﬁﬁgﬁ& w ny COS B4 (n-38)
for the electromagnetic fiwld and )
LYy e Y ¥ Lo« %3 cos 04 - (A-39)

for the acoustic field. I should be obsarved that the
acoustic impedance has besn defined as the ratio of the

: ticle velaeity to the dynemic pressurs in this aguation.
This definition of acoustic impsdance is just the reciprocal
of that which i3 ordinsrily used.l Since impedance is a
defined quantity either dedinition is sabtisfactory, however,
one definition must be consistently used in a particular
problem,

The reflection coefficient for electromggnetic waves
can also be expressed in terms of the directicnal impedances
&g SR

289 = 28yq - _
P = YR TEy - (A-40)

where the subscripts 1 and 2 refer to the media on opposite
sides of the interface. For acoustic waves in water the
raflection cosefficient can be written in a similar mannex

as

Lgone authors, however, have preferred to dsfine spacific
acoustic impedance as the ratio of particle velocity to
dynanic pressure, for example; Moore, Traveling-Wave
Engineering, op. cit, | : ,

2The expression for the reflectién coefficient comes out
in the usual manner because it is defined here in terms
of velocity and the impadance is defined as the ratio of
particle velocity to dynamic pressure.

Ny
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Vo= O’ > -
T ﬁx\?. AT (A-41)
The reflection ccefficient for either systen can be written
as
?—i}
.. cos 9t>% 27 <08 84 . (A-42)
rr = cos 84 + 4; 208 04
2 2

uging Equation A-38 (replacc the 2°s with n’'s) oxr A~39., The
reflection coefficient iz properly modeled when the rxatio of

Zy %0 %7 in the acouwsbic aysten is the same as the ratio of

nl £o n2 in the elaectiromagnetis system, As an example, assume
the dielectric constant of the sarih to he 13 eg. The impedance
is given by

Pt ’

3me

where u is the pemmeabllity,
e 18 the conductiviiy.

£ 38 the dielectyric ~onastont, and

» is the angular frequenay,

I£ it is assumed that the conduwrtivity is small enough ox
that the frequency is high anoual rb:tmm{ﬁw << 1 then the
lmpedance is given bv N e e 105 olms.  Since the impedance
of air to the eslect ~ﬁmarnct1r wlane wave is about 377 ohusg,
the air-~earth 1mpeduncm ratio of R oz 1/R veaults in the

same magnitude for the reflsction coafficient; only the

sign is changed. '

To summarize ¢his sectios it zhould be noted that the
TM wave can be replaced by » TE wave, In this cuse it is
convenicunt to redefine the reflection coefficient in terme
of dynamic presour@ znd to redefine the acoustic impedance
as the zatic of the dynamic preéssure to the FaItLClE yeloclty.
This is done mezﬂly to maintain the symmeirv of +he eguations
in the =zeal and model syshem.

Thhe analogies for all cases where a plane linearly
polarvized elactsmmzan stic wave is reflected from a perfectly -
conducting plane surface are shown in Figure A-3,
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’ TABLE A -5

ACOUSTIC IMPEDAMNCHY RATIOS FOR SEVERAL MATERIALS

: Materiali | Inpedance Ratio
a Water/Steel 31/1
Watexr/Glass 12/1
Water/Magnesium 6.5/1
Water/Elm Wood 1/2.7
i Watexr/Bakelite 2.,5/1
F Water /Polystyrens L.7/%

Apcoustic impedancs i8 defined ms the ratic U/p in

et

A.5 D2Applicationsg of tha Analogles

To demonstrate sn sppylication of the analogies, it is
® desirable to consider a canple situation where the exsct
solution is known in botl: the real and the model systems

BOUNDARY CONDITICHMS CON PERFECT PLANE SURFACES

Elaﬂﬁxomagnetic Acoustic
CRIEIIPARH L EW I e UYREMROMENERG TP E
: (TEM wave) Perfact Conductor Rigid Surface
1
” Normal ~ B = 0 go e =~ =% Uy = 0
Incidence By = 2Mi = - —— ~» Po = 2P%
™~ - : Elastic Surface
g\}Po = {
Un L ZUi_
Blagtic Surface
k {TE wave) Eg = 0 — e—m = «3» Pg =0
& Incidence < s
’ Rigid Surface
u (™™ wave) , By = 0 — — - - Up =0
Okligue Hi = 2H{ =~ == == = P, = 2P;
Incidence
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If an investigation of the problem indicates that correct
experimental results will be obtained in the simple case
then an extension to a more complicated pxoblem ig reason~
able. 8Since only the correctness of the analogy is being
investigatad, no scaling is considered in this example.
Aleo, the magnitude of the magnetic¢ field intensity at
unit distance in Eguation A-12 is set numerically equal
to the magnituvde of the particle velocity at unit distance
in Equation A-14, The applications considered in Section
A.5.laxre theoretical only and were not invegstigated
experimantally.

A.5.1 The Bnalogy with the Elementary Acoustic Source -~
Jongsider a spherical coordinate system located in free space
with an elementary curxent dipole located at the origin as
shown in Figure A-4,

.«4"7 =

e r_——

AL ‘T{ % B /
] T~ : _
P N\\““\\§ 8§§'

Coordinate System foxr EM Wave

Figure A-4

The problem is to determine the field at any point "a“
which is located far enough from the orxigin so that

r »> AL, BAssume that the acoustic model is set up as
shown in Pigure A-5.

Now the fields about the current element in the real
system are gpecified by Eguations 2-10, A~11l, and A-12;
and in the nmodel system they are given by Equations A-13.
and A~14. IXIf the analogy iz considered to be between H¢
and Uy a measurement of the particle velocity in the radial
direction in the model system will allow the magnitude of
the magnetic field component in the ¢ direction in the
real system toc be determined using pair 1 from Table A-2,

The particle velocity can he easily measured using -
a properly calibrated narrow beam prassure transducer to
probe the field at the point "a*. Both the magnitude and
the direction of the particle veloclity can . be determined
by this method. After H¢ has been determined from the
measurement in the mcdel system, Maxwell's equations can
be used to determine the vxemaining field components.
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i Coordinate System for Acoustis Wave '
Pigure a-~5 -

Suppose now that in the real system a perfectly
conducting infinite plane ig located at a distance R from
the origln as shown in Figure a~-4, Let the line R be normal

to the plane and page through the origin of the cooxdinate
k system. Assume that the reflected flelds are required at
the lecation of the origin.

B Using image theory and Equation A-12, the reflected
S’ ' magnetic field intensity at the origin is given by
1

ag = 5 TRt e dR2R (L A Y sin e (anee)

where & is equal /2 (from the geomslxy),

.

¢ is thez plane wave reflection coefficient, and J

. . 2
I is z geflectioa zoafficiant determined for the 1/x
term.*

For the special case of a pexfectly conducting interface
hboth F and I rxeduce to unity.

t

lpor a dipole oriented horizontally above a plane gurface
: the reflscted magnetic field for the xadiation term is
eqquivalent to that radiated f£rom an Jhmage dipole modified
by the plane wave reflection coefflcient. The term which
varies as l/r? is modified by a factoyr

: o n=l /n2 - 6q + 9 - =

;! e (h-1) ~

. : where

i -

i R = /& J o,

i , Ve |

‘ The plane wave reflection coefficient is given by
row 0ok |

N+l

: Mcoore, R. K., Rormal Incidence Reflection of Dipole Radiation
= from a Plane Interface,; sSandiz Corp. Yech. Memo, 139-56-~14,

— R

8apt., 1556. . |
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Now in the model system the particle velocity is
equivalent to the field intensity in the real system.
Equivalent boundary conditions for particle velocity re--
quire a perfectly elastic infinite plane boundary located
at a distance R from the origin as shown in Figure A -5.
Again using image theory and Eguation A-~17 the reflected
component of particle velocity at the origin is given by

Up = 3 %%Q e—ijR.(%ﬁ + f;f%2§¢%) (A-45)

It is required that the level and phase of the electro-
magnetic field be detexmined by physical measurements of
the acoustic field. A pressure transducer with a very
narrow antenna pattern can be used to measure the particle
velocity and direction at the origin of the acoustic syatem.
The results of the measurement will obviously give the
magnitude of Equation A-45 and the direction will lie along
the line R, The phase can bz determined by comparing the
received acoustic signal with the reference oscillator which
controls the transmitter, In this model a component of
particle velocity in the » direction corresponds to the
component of magnetic field intensity in the ¢ direction.
The magnitude of the particle velocity will be egual to
the magnitude of the field intensityrin consigtent units
since the trigonometric factor (sin 4) is unity.

An alternative methed of maasurement is to use a trans-
ducer calibrated to measure presaure. The resulting measure-
ment will be the magnituda of -

AUg .- 1 | _
P = j 0 e jk2Rr 5 (A 46)

which is Equation aA~-16 with the appropriate range inserted.,
It can be shown that the pasticle velocity for the case of
sinusoidal vaeriations is given by .

1 -
Ur * 5505 3% (A~47)

where P} is given by Equation »-16. Evaluating Equationp -47
results in Equation A-45 when the range, 2R, is substituted
for r.

A.5.2.Boundary Congiderations -~ In the previous models the
analogy Is exact since the di:gcribing equations are identical
in the two systems, except for factors which are taken into
account in tga transformation, and the boundary conditions
are simple and equivalent. The complete electromagnetic
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fleld can be determined from measurements made in the
acoustic system because of the simplifications. This
desirable situation will not continue when more interest-
ing and useful problems are investigated.

et a short dipole antenna carrying a sinusoidally
varying current be located at the origin of a coordinate
system as shown in Figure A -6. Now assume a perfectly
conducting surface is placed at a distance, h, from the
origin, where h »>>» )A». Assume also that irregularities
on the surface cause it to deviate from a plane surface
by an amount comparable to a few wavelengths. A typical
problem of the backscatter of electromagnetic waves from
a rough surface is encountered when one attempts to cal-
culate the scattered fields at a point above the rough
surface. .aép?po

A
2
[}

"X h 2o SO
- H-Pield Incident on Plane

Fligure A-6

In Figure A -6 the dirsctions and relative magnitudes
of the incident H vectors are shown as they reach the x,y
plane where the rough boundary is located. The magnitude
of the incident H vector varies inversely with the range
to the point on the target. :In addition the field is re~
duced by the size of the angle measur=2d from the axis of
the current element to the point on the target. This sit-

uation is to be compared to the incident particle velocity
on the boundary in the case of an acoustic wave.

ot
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Figure A-7 shows an elementary spherical source
locrted on tne z axis at a distance h from the origin.
Thz relative magnitude and direction of the incident
prrticle velocilties axe shown in the X,y plane where
vhe rough boundary is located. The magnitude of the
relocities vary inversely with range and not with the
angle of inecidence, At =ach point on the target the

particle velocity is normal to the direction of the

corresponding H flelid vector in the alectromagnetic
fleld.

!

4 - e
Particla Velocity Incident on Plane

: Flguye A-7

It is apparent that the intensity of the incident
signal is not fazithfully repxoduced in the acoustic model
in this example. The scattering elements of the y axis
have an incident field that should be reduced by a factor

cos (tan—li %{

in cach case. This is equivalent to saying that the antenna
pattern of the elementary spherical acoustic source is dif-
ferent from the antenna patterrn for the elementary curxent
dipole. This situation can be remedied at least in part by
choosing an acougtic source with a more appropriate antenna
pattern.

There is, howewer, another discrepancy that cannot be
removed by such e simple procedure. Consider a particular
scattering element to consist of z small inclined plane
surface. When this seattering mcdel is used, the assumption

lpueter, T. ¥., and Bolt, R. H., Sonics, John Wiley and Sons,
New Yoxrk, 1955, p. 63. '
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is made that the surface consists of relatively plane areas
that are several wavelengths in aize; so that ray theory
and the plane wave reilection coefficient can be used to
approximate the dirxection, magnitude, and phase of the
reflected wave, The incident magnetic field intensity can
be separated into two components, one of which is in the
plane of incidence on this particular scattering facet and
one of which is normal to the plane of incidence. It is
well known that the reflection coefficients for the two
polarizations are different except for the case of normal
incidence and at the grazing angle.

For the cases of fresh water and dry earth the approxi-

mate reflection coefficienta for power for the two types of
polarization- are shown in Figure A-8., Typical reflection

coefficients? for sonic waves from several different boundary

materials are given in Figure a-9.
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Reflection Coefficients for TM and TE Waves
Figure A-8

1Stratton, J. A., Blectropagnetic Theory, McGraw-Hill Book

Company, New York, 1941, p. 510.

27hese reflection coefficients are‘based vpon an assumed
lossless material.
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i _ Figure A -9

The difference in reflection ccefficients for the two
polarizations is not too significant for many materials,
until the angle of incidence exceeds 30 degrees. From tae
standpoint of plane-wave reflections from an infinite plane
surface the error introduced by ignoring polarization is
: not appreciable for the case of near-vertical incidence.
'y It is important however, to note that a scattering model
t based on the reflection coefficient of small plane facets
: is definitely limited in application. Use of this model
| requires that the slope of the surface change only slightly

in a distance of several wavelengths. It may be desirable
P to use a different model to generate the scattered signal
in which case the information on reflection coefficients
will not be used.

L LN
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A.6 A Scattering Modal

analogy is investigated for the case of rough targets where
only the radiation field is considexed. Radar signals are

generally random in nature for this type of target; therefore, |
X -signal statistics such as the mean wvalue and range of fading |
& .are of particular interest. - J

In the usual application the antenna pattern restricts
radiation to a much smaller reglon than for the case of an |
@lamentary dipole and in many cases it is reasonable to assume 1
that the pattern is circularly symmetric abcut a center line.

{ j In this section the acoustic~elactromagnetic wave
: The electric and magnetic field wvectors are both at right
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angles to the range vector between the antenna and the
particular scattering eolement under consideration, and
have a magnitude determined by the range and antenna
gain in that direction. 1In the acoustic model of the
situation, the particle velocity vector is in the direc-
tion of the range vector to tha scattering element under
consideration and haz a magnitude &etermined by range
and antenna gain in that direction. Therefore, the
incidant acoustic particle velocity on a scattering
element always bears a definite relationship to the
incident electromagnetic field vectors on the correspond-
ing scattering element in the real system.

Consider a scattering model for the rough surface
where the individual scattering elements are located in
a radius manner about a mean elevation as shown in @igure

il
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Mean Elevation

Scattering Model
Figure A-~-10

In this rough surface model the range to each scattering
element differs from the corresponding range to the mean
elevation by some small amount, Axrj. Each gcatterer is
assumed to be the same as though the scatterer were part
of an infinite plane at that particular elevation. The
electromagnetic wave is asasumed to be polarized so that
the H vector always lies parallel to the y,z plane as
shown in Figure A-ll. The tangential component of the H
vector which is effective in exciting Huygen's current

:osingle Scattering Element.
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. sources in the boundary) varies with

cos 01 = Y% %an%e BI1GZ ¢ (A-48)

where 03 is measured betwean the incident H vector and the
X,y plane. z

Gecmetry for Incidegg Acoustic and EM Fields
Figure A -1l

The radiation from the small element for the electro-

\ magnetic wave can be considered as caused by the incremental
conduction oxr displacement current excited in the element
by the incident field. These current elements establish
fields of the type described earlier in Equatioms A -10,
A-ll, and A.12, The vadiation from the Huygen's current

* source varies with the sine of the angle, €3, measured
between itz axis and the direction of the radiation. For

signals received at the antenna this variation is given by

sin 8y =/ 1 - 8in20 cos?¢ (A-49) .

Now the magnetic field intensity received at the antenna
from a single source on the plane can be expressed as
~j2kx
E =3 E—-g-f--o& cos 0] sin 98, (A-50)

whexre 94" is the maonetic field intensity (radiation field)
of the sourcse at unit distance and & is a factoxr which
accountg for absorption.

The gecmetry of Figure A-11l indicates that the normal
. component of particle velocity (which is effective in
p exciting Huygen's sources in the boundary) varies with
e cos 6 over the surface. The radiation from the Huygen's
- velocity source is isotropic (above the boundary} and
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therefore does not vary with angle. WNow, in a similar
nmnanner, the particle velocity at the antenna can be
expressed as
U ’B%{ —yr " ol cog © ( )

vhere "¢ is the particle velocity (radiatisnn field) of
the source at unit distanca.

Equation A ~50 can be written as

e~J2kr (1 - sin?e cos?¢
H =%% — o co8 0 [cosde ¥ Sin20 sin (A-52)

where the function outside the brackets corzeSpbnds to
Equation 2A-51 foxr acoustic particle velocity and the
quantity inside the brackets is unity for all values of

9 and ¢. The electromagnetic field intensity at the

antenna due to a Huygen's current source is, thexefore, the
same as the particle velocity at the antenna due to a Huygen's
velocity source for the scattering model considered. This
particular rough: surface model must be considered to be a
"scalar model"” since polaxization effects are not evident.

A.7 Summary of Model Validitv

It was shown that the pressure and velocity fields,
about several acoustic sources, are analogous to the electric
and magnetic file.d intengities about a short current element,
when certain geometric factors are considered. In some cases
the analogy applies tc terms of order 1/r and 1/r2; in other
cages it applies only to texrms of order 1l/x.

The application of the acoustic-electromagnetic wave
analogy, using the acoustic simulator, generally requires
a directive antenna pattern and only the radiation fields
are considered. In addition, it is necessary that the
acoustic fields, scattered from appropriate model targets,
have most of the characteristics of electromagnetic waves
scattered from terrain or fxom some other object. The
acoustic and electromagnetic fields are compared using a

- simple scattering model which assumes a distribution of

Huygen's sources about a plane that is passed through the

irregular surface. The acoustic and electromagnetic waves
give the same results for this model, which shows that the
modei is scalar in nature and does not account for polari-
zation effects. No restrictions are placed on the antenna
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pattern or on the antenna orientation, except that the
acoustic system must vuse an antenna pattern and orientation
that are similax *to those in the electromagnetic system,

The acoustic simulator, therefore, gives correct results
to the extent that polarization effects can be neglected
or can be considered by other means.
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APPENDIX B

RADAR SYSTEM SCALE ¥FACTORS

-

One application of the analogies between electro-
magnetic and acoustic waves allows a study of the scattering
characteristics of a particular type of target using a model
system, This is the first problem investigated with the
acoustic simulator in this study. A further application .
invelves a model of the complete radar system where circuitry
such as duplexers and range gates are involved and the
system performance is reprocduced in detail. This type of
gimulation makes it possible to evaluate certain circuit
design changes rapidly since full scale tests are not re-

» quired.

A major characteristic of radax return from terrain
is the Lading due to interferxence_of many signals of nearly
the same frequency and amplitude.l At all but the lowest
carrier frequencies the texrain acts principally as a
scatterer of energy and the returned signal is thereforxe
composed of a multitude of small signal components from
the various scattering elements. The resulting fading in
the received signal can be readily modeled by acoustic
waves since the interferencsz effects are commen to all
types of linear wave moticn. J

£ F B.l Pulsed Radar

The gquantities which must be scaled when modeling a
‘ pulsed radaxr system are listed in Table B~1l.? These quan- 3
o tities are based on the fundamental time and distance scales
which are related by the baslc eguations of mechanics. Such
4 factors as the radar cross-section per unit area for the

lthere has been some discussion of the importance of the
interference phenomenon in explaining the angle dependence
of the backscattering radar cross section of a target,
especially over sea surfaces. KXatz, I. and Spetner, L. M.,

\ "Polarization and Depression Angle Dependence of Radar

A Terrain Return,” Jour. of Res. of N. B, S., Vol. 64D, No. 5,

% Sept. - Oct. 1960, pp. 483--86. While the angular dependence
E of the scattering pattern may not be classed as an inter-
ference phencmenon, the fading which cccurs. certainly is due

to interference and the fading characteristics comprise ar

important part of the model study. J

ZMocore, R. K., Radar Design Using Bcoustical Simulation as a

ST
FEFSEN RN B -

N Tool, Univ. of Néw Mexico, BNngr. EXp. ota. Rpt. BE-22,
1 | Aprii, 1959. The scale factors for pulse and frequency
: - modulated radar were first presented in this report.
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| V; target and antenna pattern are not scaled since their
| directional characteristics must be the same in the real
and model systems. The scale factors represent the ratio
of the indicated quantity in the real system in airx to the
same gquantity in the meodel system in water.
The scale factor, V, is given by
a
V= go 2 x 105 (B-1)
and is fixed by the ratio of the velocity of propagation
of electromagnetic waves in air to that of acoustic waves
in water. For most purposes, it is sufficiently accurate
’ to use a value of 2 x 10° for this ratio of velocities.
; ‘ The range scale factox
t | R= X (B-2)
4 and the time scale factor
- a
} 3 = gy . (B-3)
J e
are related to the velocity scale by the basic equation
3
R = VJ (B-4)
TABLE B=-1
i SCALED PARAMETERS FOR PULSE RADAR
Parameters Scale Factor (Ratios)
Velocity o propagation v
Range R 1
Tinme J
Carrier Ffrequency ﬁg
Wavelength A
"Pulse Duration
1 Number of Cycles per Pulse n
i - Repetition Rate £fx
K | Antenna Velocity | N
;f Doppler Frequency £q
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If the range scale is to be adjustable, then the model system
cannot operate in xeal time, There is a definite advantage
to scaling both time and range since a realistic range scale
generally results in a time scale such that pulce widths axe
wider and repetition rates are lower in the model than in the
real system., This serxves to simplify the model oircuitry
problem.

The range scale,??ﬁ ig selected first, bas<d on the
physical size limitation of the acoustic tank. This in tuxn
determines the time scale,, 7, according to Equation B-~4, The
wavelength of the carrier frequency is scaled using the range
scale, if linear modeling is employed. The carrier frequency
scale factor, given by

fc = %; (B-5)

is related to the basic time scale by

fq n&% | (B6)

for linearxr modeling. In scme cases, especially when the
range is so large, this form of modeling becomes impractical
since =zn unrxeasonably high carrier frequency is required in
the model. The altermnative in this situation is to employ
non-linear modeling which scales the wavelength separately
fram the range. This is equivalent to making f, a separate .
independent scale factor by definition, thus Eguation B-6
will be considered as determining the frequency scale factor
fc only for the special case of linear modeling. In general
the factor £, will be indeperdently chosen to best satisfy
the modeling problam.

The wavelength scale is given by

. a8 -
A= S (B-7)
which can be written as
3.z
A o= ef.v.?.-._ 2 .? (_B-—S)_

& £2 tg

The pulse duration must be scaled so the pulse length
in space is the same percentage of the total range in both
the real and the model system. This criterion which is a
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geometric similitude requirement is satisfied when the pulse

width is scaled the same as time sSo the scale factor is
written as

a
dm%wad (B~9)

The number of cycles of carrxier frequency per pulse is
of importance since in some cases the model may be pooxr be-
cause of too few carrier cycles per pulse to properly define
the pulse shape. The gcale factor for the number of cycles
per pulse is

“

¥

4 = (B-10)

which can be written as

n= gg%g; = fa (B-11)

The repetition rate must be scaled so the distance in
space between consecutive pulses is the same percentage of
the total range in both the real and model systems. This
insures that the signal standing wave in space is sampled
at the proper interval. The condition is satisfied when
the repetition frequency is scaled as

e £2R = L B-12
. fr gwg 5 ( )

The scale factor for antenna velocity must be such that
the antenna moves the same distance measured in wavelengths
in both the real and model system in cone unit of time. This
requirement establishes the proper fading rate in the model.
The antenna velocity scale factor can therefore be written
as

' & a8/ed B-13
&=y = Juew (B13)
which becomes
cra¥ -
€75 "It (B-14)

The scale factor for the Dopplex frequency is given by

£ .
fp = ;;% . (B-15)

el R
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f
| and since the Doppler frequency is proportional to the
product of the carrier frequency and the antenna velocity
divided by the velocity of propagation, Equation B-15 can
be written as , |
¢ y.a
va £.2
fp = =1 (B-16)
fcw J
The complete set of scaling relations for a pulse radax
system is compiled in Table B-2,
: TABLE B -2
r SCALING RELATIONS FOR A PULSE RADAR SYSTEM
1 Parameter Scale Factor Relatlon to Independent
gj A . : Scale Factors
‘ Velocity of Propagation \ v
Range R VJ
i ‘Pime v R/V
Carxrier Freguency feo fc
Wavelength 3 V/E,
# Pulse Duration a 7
Number of Cycles per
, Pulse n Jtv
Repetition rate R 140
Antenna Velooclty & VL fc
Doppler Prequsncy f5 177

As. an example of the application of these scaling factors, .
consider a pulse radar system with the parameters gilven in
Table B-3. 2& model carzisr frequency of 1 mc/sec and a model
range of 1 meter ave now selascted to use in the acoustic systen.
The cther scaled parameters in the model result from an appli-
cation of the scaling relationg shown in Table B-2,
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In this example, the model carrier frequency is
selected in a range convenient for the acoustic simulator.
From Equation B-12 and Table B-2 it can be seen that an
increase in the model carrier frequency will reduce the
carrier frequency scale factor £,, which will in turn
increase the number of cycles pexr pulse and will reduce
the antenna velocity in the model., Parameters such as
the pulse duration, repetition rate and Doppler freguency
will remain unaffected by this change. An increase in the
range in the model will reduce the range scale factor, R,
which will in turn reduce the time scale factor . This
change will increase the pulse width, increase the number
of c¢ycles per pulse, xeduce the repetition rate, reduce

. the antenna velocity and reduce the Doppler frequency.

Thesge changes are generally all desirable so it is advantageous
to use the maximum permissible range in the model for many
of the typical modeling problems.

TABLE B-3 .
EXAMPLE OF PULSE RADAR SCALING

Parameter Radar Model
(Parameters Given)

Carrier Frequency 104 mc/s 1.0 mc/s
Wavelenyth 3 o 0.15 com
Range 2080 m lm
Pulse width 0.1 us : 10 us
Cycles per Pulse : 103 10
Repetition rate 3000 pps 30 pps
Antenna velocity 300 m/s 15 am/s
Dopplexr frequency 20 ko/s 20 cps

If linear modeling is used in the previous example, the
following situation exizts. The range must still be selected
to suit the size of the acoustic tank. Therefore the range
will remain 1 metexr in water. This results in a range scale
of

R& 2000 o
R = W =x ....I-.. (B 17)
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The time scale is detemined from

J = 5= 0.00 (B-18)
and the frequency scale factor is
fo = & = 100 (B-19)
J
In this case linear modeling will require a model frequency

of

£a 1010 8
N o .i_‘z; = 62~ = 10 cps (B~20)

which 1s unreasonably high for several reasons. In ordexr to
improve the situation and retain linearxr modeling it is re-
quired that £ be larger, perhaps as large as 104. This
rasults in & model carriey fregquency of 1 mcg/s which is verxy
reasonable. The time scale now becomes 104 which gives a
range scale of

R = V7 = 20 (B-21)
This would require a scaled range in the tank of 100 meters.

The need for non~linear modeling for certain problems should
now be evident.

B.2 FM Radir System

In frequency modulated radar systems the carrier frequency
is swept in some manner over a portion of the frequency spectrum.
The echo signalg received from the target will occur at a
frequency that is differsnt from the instantaneous carrier
frequency by an amount proportional to the time delay involved
in making the round trip to the target (linear FM). The result-
ing difference frequency kecomes the signal and is a measure of
the range to the target. When the target is terrain, as is the
case for a typical altimeter application, the signal consists
of a multitude of eeparate signals received from the many
scatterers in the illiuminated region. Since the slant ranges
to the different scatterers will vary, the return signal will
congist of a spectrum of differsnce frequencies. Also if the
altimeter is in motion there is a Doppler fregquency shift added
to each of the components of the return signal. Salient fsatures
of the signal can be scaled and modeled in order to study effects
on the system operxration.

%
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A gimple piecae-wise linear £requency modulation, such
ag that shown in Pigure B~l, is congldered, although other

types are frequenily used.

Parameters which must be scaled in modeling a freguency

modulated radar are given in Table B -4,

2, ‘ LY
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Figure B-1

TABLE B--§

Piece~Wise Linzaxr Modulation

SCALED PARAMETERS FOR FM RADAR

Parameter

Scale Factor

———n

Valocity of Propagation

Range |

Time

Carxiexr Freguency

Wavelength

Total Caxrier Frequency Deviation
Repetition Rate

Difference Freguency

- Number of Cycles of Difference

Fregquency per sweep
Aantenna Velocity
Doppler ¥Frequency
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Bare, as in the case of pulse radar, the scale factor
V is fixcd by the ratio of velocities of propagation of
electromagnetic waves in air and accustic waves in water.
Also, the range scale is selected to acdomodate the experi-
ment in the available acoustic tank. %he time scale,/J,
is therefore deterxmined by the hasic relation

J= RV (B-22)

In certain cases it may be feazible to use linear modeling,
in which case the carrier frequency in the model is deter-
mined by the time scale ¢/ so that

fc = '3"“ (B"'23)

o

The gemeral problem, however, will require nonlinear modaling

as in the pulse radar case so f, will be deterxrmined by the

;atio

£, '
fo = Fow (B-24)
where £.¥ iz a convenient caxrier frequency to use in the
model. The wavelength scale is aliso given by the zame ex-
pressicon as in the pulse radar case and is

A = Aa:s.‘]-
T E (B-25)
The total carrxiex frequency deviation, d, has dimensions
of [%]~1 and is therefore scaled as

a
a = %w wé (B-26)

The repetition rate ghould scale such that one cycle of
the modulating freguency occuples a distance in space that
is the same percenitage of the range as in the real system.
This requizes thal

e o FR® 1
aa”ﬁw”j (B-27)

which ig in egreement with the dimensions of the corresponding
physical equation.
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¥or the case of rnisca~wise linear modulation the
difference frequency can be written as

£q = %‘;‘ = tafg (B-28)

L&

as illustrated by the similar triangles in Figuxe B-2,
The scale factor for the difference freguency can therxefore

be written ag

£y =, "dfz. x ;3.‘. (B-29)

Trﬁgsmitter freq.
e

//’ ggaignal freq.
¢

E
)
E

e R

B
)
&
4

FM Difference Frequency
Figure B-2

B
It is important in simulating a freguency moduluted
radar to maintain the number of cycles of the difference
frequency per cycle of the modulation frequeancy, N, the
same in the real and model systems. This requirement 1is
satisfied when
N w is (B=30)
s -3 *
in both the real and model systems swnce this relationship
results in a scele factowx
L Na g d/¢na 3
3
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The antenna velocity must be gualed such that the antenna
moves through a distance measuzud in wavelengths that is
equivalent in one unit of time ir both the real and model
systems. ‘The antenna weloaity Qbﬁaa factor can be wgitten
as

, J\a ’c
which reduces to

x v-—
u%c (B~33)

The Doppler frequency shift will change the difference
fraquency and will thus aifect aha range indication of the
radar. It is impoxrtant that the xatio of difference fre~
quency to Doppler frequency b# the ssme in the real and
model systems in order to obtain correct results. The
Doppler frequency is proportionzl to the product of the
antenna velocity and the carvier freguency divided by the
phase yelocity and can be exprussed &s

/
s
£p %‘v";‘-ﬁ (B-34)

The corresponding scdle factor van therefore be written .as
7L
fD = l’z-v-,ﬂ ._(.B'735)

which is in terms of the antenns welocity scale factor.
Now substituting the scale factor for antenna velocity into
this relation the result is

1
fD == J (B-36)

This result satigfiess the ru%ulxement that the xatio of
difference frequency to Dop er fraguency rewmain constant

in the real and model systems since f£g/fp = 1. These xaesults
are now tabulated in Table B-5,

B.3 Doppler Frequency Radar

A Doppler freguency raqax can be used to detect relative
motion zlong a line joining the radaxr and the targest. Therxe
are a nunber of variations of this type of radar; howevver,




only oné particular kind is considered here. The transmittér

f 3 operates continucusly and Lransmits a signal towerd the

‘ target. &An echo signal is at the transmitter frequency if
thexe is no ralative velocity along the line -joining the

: ernnamitter and receiver. When relative velocity exists,

: thie echo is shifted in freguency by some amount duve to the

” Doppler effect. When the echo is mixed with the transmitter

frequency the beat difference frequency is directly pro-
portional to the relative velocity between the radar and
thae target along the line which joins them,

TABLE B-5
SCALING RELATIONS FOR AN FM RADAX SYSTEM

! , Relation to
Parameter Scale Pactor Independent
Scale Factors

'i . . Velocity of Propagation \' v
"Range R v
1 Time J R/
. i:, Caxrier Frequency £ b
" Wavelength A v/t
§ Total Carrier Freguency
fﬁ Deviation 4 1/J
T Repetition Rate fr 1/J
“é 0l fference Frequency fq 1/7
5 Number of Cycles of
" Difference Frequency .
Per Sweep ‘ ‘ n 1
Antenna Velocity v | V/Ifc
Doppler -Frequency £ i1/7

When the target is some irregular obiect such as an air-
craft, the signal will fade due to echoes received from
&ifferent scatterxing elements which are at slightly different
ranges or where velocity components are slightly different,
The spectrum of the returned signal gives rise to some
i | ambiguity in the measured velocity. Model studies can show
B the statistics of the fluctuztions of indigated. velocity and
33% provide a realistic meihod «f svaluating indicators and

read-out devices under coniroliled conditions.
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The paramezere to be scaled in modeling this radar
2re the same &8s for pulsed radar with a few omissions.
it is assumed in %his cagse that the radar is Ffired and
the target is in motion.
THEBLE B -6
SCALED PARBMETERS FOR A DOPPLER RADAR
Parameter Scals Factor (Ratios)
Velocity of Propagation v
Range R
Time ’
Carriex Frequency | £e
Wavelength , A
‘Térget Vaelocity . L
Doppler F¥rsquency £y

Hamt s e

The velocity scale factnr is again fixed by the properties
of the media in which the two wave phenomena prepagate. Also,
the range acale iz selectad to suit the physical dimensiona of
the model faciiity. The basic relations which are repeated
for convenience axres

Voa2x 107 (B-37)
and :
oJ = BV | " (B-38)

Es in prior cases the carrxier frequency can be scaled as 17
if linear modeling ie to be employed, or it can be scalad
independently if the linear mcdel results in an unrealistic
value for the model carrier freguency. In either case the
wavelength acale factor is

---‘-"J,

A= VSEL (B-39)

which reducas to i = i for linear modeling.

~
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‘ The target velocity must acale in such a manner that
the target moves through the distance eguivalent to one
wavelength in 3 sorresponding amount of tine in both the

, veal and the model systen. The scele factor for veloeity
| zan therefore bae writhen g

! v | |
g™ BT lhay T apmspes . (B-40)
- 2" .zyfm
which is the some as for the case of pulse radar. The
Doppler frequency aleo norsles the same as in the previous , -
nadel so the scale f£actor ig o

, £n 5 (B-41)

The complete set of scaling relations for <hils Doppler
: : radar nmodel are cemplled in Table B-7,

-, s

B.4 ¥Forward Scattoxr Model

Communicatiorn linkz using forward sccttexing from in-
homogeneitiea in the atupsphere are currantly in usge.
Scattazing takes placz From the random distribution of
"bLob3® where the index «f refraction is aslightly different
from that in the surrounding medium. The scattaring tends

A to be more directive in the dorward direction as the blob 4

=

TABLE B-7
BCALING PELATICNS FOR A DOPPLER REDAR SYSTEM

cmih

Parsmetar : Scale Factor Scale Fadtcr in Terms' 1
: of Independent Scale ‘
Fachtoxs

Yeleoity of Propagation v v
Range R | \'/¥J
Time J R/YV
Caxzler Freguency | = ‘ £
RWawelength A ViFfe
Parget Velocity £ VXt
' Deppler ¥requeacy Py | . 1.7

N 3 . o . . p o
. . ARG FUY Y PR SRR L " . o - "J
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size increases with reapect to the wavelength. XA great
deal of thearet%cal and expariaental work has been directed
in this area.l The major interest in this area concerns
the propagaticn of electromagnatic waves in an inhomogeneous
istribution cf hest souvvces on tha ottom of the tank., The
riging columns of heated watex will nrovide an inhomogeneous
medivm with many of the chara crezistics found in the atmos—
phere. Stratified layers can casily be obtained by using
thin mylar £ilm in ihe tank to separake the dtff@vent Zemg-
erature or turbulen: conditions. Thea fhin £ilm is eaaantially
trangparent to the sonic wavers.

lyneelon, A. D., Raéio~Wava Scattering by Tzopospheric

Irtegularities, Jgouz. of Res. of N.B.3., Vol. 63D, No. 2,

. Sept. - Oct. 19597 ; pp 205-33., This 1s an excellent
review article on the subjact of tropospheric scattering
“end contains an additional Bl references.

2Charnov, L. A., "Wave Propagation in 2 Turbulent Mediwa,"

McGraw-H1ll Book Co., New York, 1960. (Russian Translatzon).

3ratarski, V. I., "#eve Propagation in a Turbulent Medium,"”

McGraw~ﬂxil Book C0e, New ozk, 13610 fﬂumsian Tranalation).

.
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