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The characteristics of the lunar surface dedu ced from radar-lunar measurements con
ducted at the U.S. Air Force Trinidad T est Site during 1960 a re discussed . 

Evidence is presente~ which te nds to con firm t hat, at 425 megacycles per second, thc 
fron t portion of the moon IS a co mparatIvely smooth reflector while t he back portion behaves 
as a rough scatterer. 

The pulse decay of t he average envelope of lunar echoes is found to follow t he slope of 
the Lomrncl-Seeli ger scatteri ng la w. 

From the cumulative probab ili t.v dist ribu tions of thc total cross section of t he moon 
meas ured on t ,,·o different d ay~, it is indi cated t hat 50 percent of t he total cross section 
measurcments were less t han 5.0 to 8.5 X IOll square meters 01' 117.0 to 119.3 decibels abovc 
one square meter. 

Sta t istical data, such as the probability densi ty fun ctions of t he total lunar echo amp li
tude a nd t he autocorrelation func tion, a re also prese nted. 

. Th e power density spectr um co mpu tcd from t he au toco rrelation function is co mpart'cl 
With t he t heoretICal Doppler spread resul t ing from the moon's libration . 

1. Introduction 

T he firsL radio rcIJecti<?n s from the moon , using 
cOllvelltlOn al radar t echnIques, were recorded at i l, 

frequen cy of] 11.5 M c/s at moonr ise nnd moonset bv 
the U .S. Army Sig ll al Corps [Webb, 1946J. A mor:c 
compleLe descripLion of t lte SignfLl Corps resulLs is 
described by DeWiLt and Stodola [1949]. 111 order 

'l to obLain Llte required sCllsiLivi ty, a receiver b and
width of fLbouL 50 cis, a transmiLLer pulse length of 
0.25 sec, and a Ln1,llSlnitter peak powcr of 3 kw were 
used. The experimen tal results showed that the 
return ed ecbo amplitude was often less t hfl,n the 
theoretically computcd one , and, on occfl,sions, could 
not be deLecLed. In addition, the siO'nal amplitude 
underwen t unexpected fluctuations, 11aving periods 
of sevcral minutes, whicll were attributed to anoma
lous ionospheric refraction . 

At approximately the SfLme tim.e fl,S the Signal 
Corps observations, Bay [1946] also reported that 
radm' con tact had been made with the moon at fL 
frequency of 120 Mc/s. These measurements indi
cfl,ted a power reflection coefficient for the moon's 
surface on the order of 0.1. 

Kerr, Shain , and Higgins [1949J of Australia per
formed t he moon reflection experiment at 21.5 
M c/s, during moonrise and moonset, mfLinly to 
study the cbaracteristics of low angle propagation 
through the ionosphere. Their records [Kerr and 
Shain, 1951] indicfLted fL rather slow fLmplitude 
fiuctuaLion ril.te which also was attributed to iono
spheric refraction phenomena. The rapid amplitUde 
flu ctufLtion s, having pel'iods of a few seconds were 
explained by assuming that the moon 's surfac~ con-

• ' r bis paper was presented at the join t meeting of the International Scien ti fi c 
Racli<:> Union .(UR SI) and of the Institute of R adio Engineers, llelcl on April 30. 
1962, m Washlllgton, D.C. Th.s work was sponsored by tho Rome Ail' D evelop
ment Contol' under Contract AF 30(602)- 2244. 
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sis Led of many rfl,ndom scnLLerers in relative moLion, 
brought about by Lbe moon's lib ration . This 
phenomenon , LogeLli cr with Lhe evidence tha L the 
received pulse was streLched out seven.l times t he 
lengt h of the (l -mscc) Lransmitted pulse, showed 
Lhat the moon was fL "roug ll" reflec lor at lhe fre
quency used. 

T he first successful transmissioll S at UTIF using 
Lhe moon as a relay staLioll were fLccomplis hed by 

ulzer , Montgomery, and Gc ries [1952J. ConLinu
ous waves (CW) mdio signnls fl,t a frequency of 418 
Mc/s wc]'e relayed from Cedn,!' Rapids, 10wfl" to 
SLerlillg, Va. It was found that the signal was sub
jecL to severe fading, iLs ampli tude varying from 
t il(' rcceiver noise level to occasioll ill peaks as high as 
10 db fl,bove the noise. 

M efl,SUTements of radar-lunar echoes by Evans 
[1957] at 120 Mc/s, by Trexler [1958J at 19 Nic/s, 
and by Yaplee, Bruton , Craig, and Roman [1958] at 
2860 Mc/s revealed that radar reflection takes place 
within a small area at the cen ter of the moon's sur
facp, the radius of which is fl,pproximately one-third 
the radius of the moon . These results confirmed that 
t he moon appeared to be a quasi-smooth reflector at 
radio wave frequencies. 

The characteristics of lunar echoes, such as libra
tion fading of the order of 2 to 3 cis and pulse 
lengthening to approximately one lunar r adius, have 
recently been noted by investiga tor operat ing in the 
400 to 440 M c/s frequency range [Pettengill, 1960; 
Leadabl'and, D yce, Fredricksen, Presn ell, and 
Schlobo hm, 1960J. The latter phenomenon in
dicated the possibility that the rear portion of the 
moon behaved as a rough scat terer. 

In this paper , the analyses of the reflectivity 
characteristics of the lunar surface, as determined 
from radfl,l' measurements made at 425 :Mc/s, are 
discussed. 
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2 . Experimental Measurements 

The experimental observations discussed in this 
paper were conducted at Trinidad, B.W.I., between 
January and July 1960, with a high-powered pulsed 
radar. Linear (horizontal) polarization was em
ployed on transmission, while the reflected radar 
signals were simultaneously received on both the 
transmitted and the orthogonal (vertical) polariza
tion. The transmitted pulse was 2.0 msec in dura
tion, while the pulse repetition frequency was 
approximately 30 pulses/sec. 

Automatic tracking of the moon was accomplished 
by means of an orbit programer which continuously 
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positioned, in 3-min intervals, an 84-ft diam steerable 
antenna so as to follow the theoretical path of the 
moon. 

The radar data pertaining to the lunar echo return 
were recorded in digital form on magnetic tape in 
order to facilitate data processing and analysis. In ' 
addition, photographic recordings were made of the 
various combinations of the amplitude, range, and 
time coordinates. 

A tracing of a typical A-scope photograph of a 
radar-lunar echo recorded at Trinidad is shown in 
figure 1. The upper trace is the horizontally polar
ized signal while the lower is the vertical. It is 
noted that the pulse return is stretched out to ap-
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FIGURE 1. A typical luna?' echo recorded at Trinidad at 425 Mc/s, showing p1dse lengthening. 
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FIG U RE 2. A typical 11lna?' echo recorded at Trinidad at 425 NIc/s, showing pulse distort·ion. 
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proximately 12 msec in length and that the echo on 
both polarizations is similar in shape. 

If the moon were a perfectly smooth body, an 
electromagnetic pulse incident on iLs surface would 
not be extended in range by reflection from the real' 
portions of its surface. This is basically due to the 
fact that, according to Fresnel diffraction theory, 
only a small region of the moon's surface would 
contribute to the received reflected energy, i.e., at 
425 Mc/s, the radius of the first Fresnel zone is 
approximately 11.6 km. 

With regard to the effect of scattering from a rough 
~ surface on the pulse shape, since all portions of a 

rough body contribute to the total reflected signal, 
the returned echo would be extended in length, i.e., 
the pulse lengthening would be equal to the time it 

> takes the wave to travel from the nearest surface to 
the limb and then back again to the surface. Since 
the radio-depth of the moon is 11.6 msec, a pulse 
width of 2 msec, incident on a rough moon, would 
be elongated to a length of 13.6 msec after reflection . 
As indicated in figure 1, the lun ar echo does undergo 
pulse stretching, the elongation being approximately 

, equal to the theoretical predictions. 
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It is also seen in figure 1 that the maximum radar 
cross section of 126.3 db above 1 m2 is obtained on 
horizontal polarization. This value compares reason
ably well with the geometrically projected lunar disk 
area of 129 .8 db above 1 m2 (radius of moon = 1740 
lun). Assuming a smooth moon with a power re
flection coefficient of 0.15, the theoretical echoing 
area should be on the order of 121.6 db above 1 1112. 

At times, the lunar echo was found to undergo 
both pulse lengthening and distortion. A represent
ative example illustrating these characteristics is 
contained in figure 2, the signal amplitude in this 
case being only 114 db above 1 m2• 

A selected sample of an amplitude versus time 
fading record, displaying the ionospheric effect of 
Faraday rotation and the presence of lunar libration, 
is shown in figure 3. The Faraday phenomenon is 
recognizable by the appearance of lunar signals of 
approximately equal amplitude in both the ortho
gonal receiver channels during the period when hori
zontal polarization was employed on transmission. 
The lunar libration is indicated by the rapid fading 
of the envelope of the amplitude-time function, the 

FIGURE 3. Amplitude verS1iS time fi lm rec01'd of lunar echoes recorded at Trinidad al 425 Mc /s 
displaying Faraday rotation and lunar lib ration, 12 January 1960, 161 7 EST. 
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FIG U RE 4. A typical mnge versus time photograph of mdar-lunar echoes recorded at Trinidad 
at 425 Mc/s, 12 January 1960, 1638 ES'I'. 
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back portion of the pulse returns exhibiting a much 
higher fading rate than the front portion. 

It is interesting to note tlu'Lt the fading patterns 
of the main echo pulse (the large signal amplitude) 
observed on both polarizations are identical. The 
significance of this is that the polarization of the 
incidcn t pulses on reflection from the front part of 
the moon is maintained, which implies that this 
region of the moon's surface appears reasonably 
smooth at a frequency of 425 Mc/s. Depolarization 
of a signal which should occur on reflection from a 
rough surface would result in the amplitude fading 
patterns observed on orthogonal polarizations to be 
somewhat different. 

A typical range-versus-time photograph of lunar 
echoes, also revealing pulse lengthening, is shown 
in figure 4. The signal fading indicated by the 
reduction of the echo intensity in the back portion 
of the range scale is basically due to the moon 's 
librfttion. 

3 . Data Analysis 

3.1. Lunar Reflection Laws 

The supposition that the moon is a rough body 
at radar frequencies has led to the speculation of 
various scattering laws and functions to describe 
the manner in which radio waves would scatter 
from the moon's surface. A method of investigating 
an applicable scattering law is to characterize the 
decay rate of the trailing edge of a lunar echo. 

In order to reduce the effect of short-term fluctua
tions in the envelope of a lunar echo, 130 A-scope 
photographs, consisting of 65 different pulse returns 
received on the two orthogonal polarizations, were 
avemged to obtain a representative sample for 
analysis purposes. The resultant lunar echo, shown 
in figure 5, was obtained by dividing each pulse 
into 0.25-msec intervals. At each interval along 
the pulse, an average amplitude was calculated 
from the 130 different data points. 

It is seen that the trailing edge of the pulse can 
be described in terms of the third degree polynominal, 
a + J30 + ,,02+ 803 , where the constants a = 39 .06, 
13 = 74.33, ,, = 39.09, and 8= -3.38. The variable, 
0, is the angle of incidence with respect to the normal 
to the surface of the Inoo,?-. It is obvious, however, 
that the angular scattenng law, as suggested by 
Leadabrand [19601, A l (sin 20/20) 20, where A I =163, 
does not seem to apply to this example. 

The trigonometric functions, A2 cosO and Al cos2 0, 
where A2= 11.2 and A 3= 13.65, also shown m figure 5, 
are representative of the Lommel-Seelinger and 
the Lambert scattering law, respectively. 

The Lommel-Seelinger law refers to scattering 
taking place from a rough surface having irregulari
ties that are large compared with wavelength. The 
energy scattered from all regions of the surface is 
the same. Thus, when considering radio wave 
reflection from such a surface, the received power 
is only propor tional to the cosine of the angle be
tween the incident ray and the normal to the surface. 

The Lambert law, which applies to the scitttering 

from a diffuse surface having irregularities on the 
order of a wavelength, stittes that the scattered 
energy in any direction is proportional to the cosine 
of the angle between the incident ray and the normal 
to the surface itnd to the cosine of the itngle between 
the scattered ray and the norlllaL 

' iVhen the relative echo power is plotted itS a 
function of the cosine oJ the angle of incidence, as 
depicted in figure 6, it is found that the Lommel
Seelinger 1m\' and the Lallibert law reduce to straighL 
lines and that the pulse decay riLte follows the slope 
of the Lomillel-Scllinger scattering law displaced 
by a factor of approximately one-eighth. 

It should be melltioned that Pettengill [1 960] has 
reported that, following the decay of the initiitl 
specular component, the angular distribution of 
power in the moon echo obeyed the Lambert-type 
law except for a small alilount of Jill1b brighten
ing at the extreme ranges. Since the Trin iclad and 
Millstone Hill investigations were conducted at 
approxi lilately the same frequency, i.e., the trans
mission frertuency at YIillstone Hill WitS 440 Mc/s 
c0 l11pared to 425 Mc/s itt Trilllclad , the discrepancy 
in the resultsillay be attributed to the fact that the 
lun ar echo analyzed by Pettengill was a composite 
of 24,000 pulses, integrated at each 500-,usec range 
increment. 
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oj the cosine oj the angie oj incidence. 

However, Browne, Evans, Hargreaves, and 1i[ur
ray [1956J, h ave fo und Lhat a n analys is of lunar echo 
data observed at a frequency of' 120 11c/s, g ives best 
agre~l1l ent wi Lh the LOlllm cl-Seelinger scattering 
model. 

3 .2 . Cross Sec tion and Refle ction Coefficient of the 
Moon 

In analyzing the cross sec tional area of t~le moon 
and the statistical distribution of the amplitudes of 
lunar siO'nals which is discussed in the next section, 
the nUl.o~litude of the amplitude of the received echoes 
was m~asured at a constant position within the 
pulse, i.e., at 1 msec after the beginning of the pulse 
which corresponds in range to a lunar depth of 
150 km . 

Th e cumulative probabili ty distributions of the 
Lotal cross section of the moon obscrved on 8 Feb
r uary 1960, during two 1 O-min peri~ds, .are shown in 
fi gure 7. 'rhe total lunar cross sectIOn 1S m erely the 
addi tion of cross sec tion s obtained on the orthogonal 
polflriza tion r cceiver channels. Each cumulative 
d istribution curve was calculfLted from approximately 
18 000 individual data points. The interval betwecn 
14:3 0 an d ]440 EST corresponds to th e time when the 
moo n was oriented at an azimuth angle of about 72 .6 
deg a Ll d elevation anglrs of .6.0 to 8.0 deg,. while 
b etween 2025 and 2035 EST It was at an aZll1ll1th 

angle va l'?ing from 5 to 344 deg a nd dev~tt i on ~lI1g1 e 
of abo ut 82 deg. 

fL is see n th at, for th e low angle meHsurem ents, 50 
l)ercent or tb e Lotfll cross sections were equ al Lo or 
less th a n 5.0 X 101l m 2, while, a t tr ansit, t he value 
in cI"Cased to 7.5 X 10ll m 2 . 

LUlHU' observat ions o n ] 2 J anuary 1960 disclosed 
tha~ 50 percent of tl lC Lobll c ross sectio ,~~ n~ar t?-e 
hOI'lzon were eq u~tl Lo or less th~tn 8.5 X 10 m -, wlu le 
a t tmnsit thcy redu ced to 6.0 X 10 11 m 2. . 

Assumin o' tJla t th e m oo n is ~t perfect conductmg 
sph ere its ~'adHr cross section is the n the projected 
geometric HrC ~t 0(' lhe wllOle disk or 9.5 X 101 2 m 2. It 
follows th at, for 50 percc nt 0(' Lh e o bse rv~tti on s , th e 
power r eflection coefficienL of th e moon's surface a,~
peared to lie beLween 0.05 and 0.085. f t IS est l
m ated tha t th e ex])erimc nt nl crror incurred in this 
a nalys is shouJd be less UI ~m :3 d b . 
Me~ls uremen ls madc by F ri cker , Tngalls, 1Llso n, 

and SwirL [1 960], at It fr eq uency 0 (' 412 11c/s uSll1g ~L 
GVV systrm inciic,lLed ~ t lun ar power reflectIO n co
efficir 'lt of 0.074. Acco rding to Blevis <lnd C bap
man [1960], mdar obse r v~ll i o n s of t li e moon ftL 488 
}.I[e/s also m ade wiLh n CW sys tcm , revealed a power 
refl ecLion coe ffi cienL of ~ t bo ut 0.05. The un ce rLl. inty 
in both cxpel' illlen tnl r rs ul ls is reported to be less 
Ul<lIl :3 d b . 

S in ce th e Trin idH cl r l's u!ts, obLa ined by p ulsed 
J'aclHr tech 11 iq ues J l ,Lvi I1 g n, pulsc lenglh less t hlHl the 
mdio depLh 0 (' Lhe m OO I1 , ~lre in. excellen t ng recme nL 
\\·itll oLher expe ri me nln l dnt ~t tnk:en wi th (, W sys
Lems in the Sflllle freq uellcy r nng.e, iL would ,tppe.'u· 
t ha.t th e moon mus t be s uffi Cien tly smooth [or 
Fresnel- type re flec ti on to t~lke place. 

3 .3 . Statistical Distribution of Luna! Echo Amplitudes 

The rap icl fluctuations of radar pulse reflected 
frol11 th e Ill oon's sUlJace are usually aL t ributed to ~he 
l ibl'aLion which is defined as the osci llaLory motiOn 
of the moon about an axis which iLself' chan ges with 
time. 

The e:fIec t of the moon's l ibmLioll on Lhe reflecled 
siO' nal Cfln be explained by ~lssuming that Lhe moel1's 
s~'face co nsists · of a randolll number of sC HLterers. 
T he alllplitude of the r efl ecLed pulse, as observed on 
the earth's surface, is the resul tan t o[ the s ignals r e
flected from each of t be scattering elements . Since 
the m oon underO"oes an apparent rocking 1ll0Lion, or 
libmtion, the s i~.lflls scattered ('rom vm~ous pn,rLs of 
its surface are continuously u ndergolllg nwdolll 
chan ges in phase and a mpliLude \rhich, in turn , pro
du ce fluctuation s in the resul tant s ignHl. 

For s urface in'eO'ular ities which SCfl llel' inc iden t 
mdiat ion with ran~lolll p hases an d amplitudes, Lhe 
probability of occurrence of a ny resul~a nt signal .a~ll
plitude is therefore give n by Lhe RayleIgh probablh ty 
disLribuLion hw. The co ncept of the R ayleigh d is
tribution is maintained, provided thll t the number of 
scattering nreas is large, i.e., at least on the order of 
1001' greater. 

The prob flbility, P (R)dR, of finding au a mplitude 
between Rand (R+ dR) is therefore given by 
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P(R)dR=~ e - U dR, (1) 

where R is the amplitude of the resultant scattered 
signal at any instant of time, and 1/; is a constant 
related to the mean value of R by 

(2) 

The condition in which a steady signal is super
imposed on a signal which is the resultant of ele
mentary contributions originating from random 
scatter~ng areas is of considerable interest since it may 
approXImate a possible situation prevailing in the 
lunar reflection of radio waves. 

The steady signal corresponds to a specularly re
flected wave coming from the first Fresnel zone or 
from a relatively srnall number of smooth surface 
areas in the region of the first Fresnel zone. The 
random signal is caused by the lunar libration or by 
random surface irregularities. If the number of 
smooth surface areas becomes very large it is pos
sible for the signals reflected by these area~ to under
go cancellation and reinforcement. Thus instead of 
specular reflection taking place, a random~type noise 
could resul t . 

The probability density distribution function that 
describes the envelope of such a resultant signal can 
be written, according to Rice's theory of random 
noise [1945], as 

(3) 

where B is the amplitude of the steady signal, V is 
the envelope. of the resultant amplitude comprised of 
~he steady SIgnal (B) and the random signal (R), 1/; 
IS a. constant defined. by (2), and I o(VB/-.f;) is the 
modified Bessel functIOn of the first kind of zero 
order. 

In determining the statistical distribution of the 
signal amplitudes, the lunar echoes recorded in two 
10-min intervals between 1430 and 1440 EST and 
2025 and 2035 EST, on 8 February 1960 we;e se
lected. It should be noted that the amplitude data 
from these tinle periods are identical with the lunar 
cross section data discussed in figure 7. The statis
~ical analysis was made on the total signal amplitude 
m or~er to reduce the effect of ionospheric Faraday 
rotatIOn. 

The probability density function of the total lunar 
amplitude, recorded during moonrise when the libra
tion fading rate was normally low, is illustrated in 
figure 8. The theoretical curves were calculated 
utilizing (3) with 1/; ~28.0, this constant being eval
uated from the experImental data. 

The presence of a strong steady signal would be 
indicated by a probability density function which 
wO';lld be of the form of the b= 2 curve where b= B I-.,fif;. 
It IS seen that the experimental points coincide, 
to. so~e degree, with the theoretical Rayleigh dis
tnbutIOn (b = O) for low amplitude values but com
mence to diverge for a normalized amplitude of 12 
or greater. 
T~e expe~imental and theoretical probability 

denSIty functlOns of the total amplitude of the lunar 
echoes observed for 10 min near transit are shown in 
fig.Ul'e. 9. Af.ter normalization, the parameter 1/;, for 
thiS tune perIOd, was found to be 40.0. It is interest
ing to note that the experimental data appear to tend 
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toward the b= l probability density curve except for 
the slight di~place~llent at th.e maximuf!1. 0 

A companson of the experimental pomts m figures 
8 and 9 indicates that, at high elevation angles where 
libration fading is a maximum [Fricker, Ingalls, 
Mason Swift, 1960], the amplitude signals were ob
served 'more often having greater magnitudes than 
those detected near moonrise. 

An amplitude record of 1 min in duration (2026:20 
to 2027 :20 EST), taken from the same statistical 
population, was also analyzed to determine the effect 
of a shortened sample size on the experimental dis
tribution. In general, it was found that the ampli
tudes of the I-min sample were distributed in a some
what similar fashion to those of the 10-min sample. 

The results of this analysis reveal evidence of the 
presence of a slight specul~r compo?-ent reflected 
from the lunar smface durmg the tIme when the 
moon was near transit. This was not the case, 
however, for observations conducted at moonrise. 

It is possible that, instead of one large smooth 
reo ion on the smface of the moon, there are many 
s~ooth areas which give rise to specular reflection. 
Thus this would have the effect of impo ing a ran
dom phase and random amplitude fluctuation of the 

I resultant specular component. It would follow 
that the steady signal, which would be normally 
expected if the moon consisted of only one large 
smooth reflecting area, would, in essence, be washed 
out or smeared. 
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FIGURE 9. The probability density function of the total ampli
tude of the lunar echo, 8 February 1960, 2025 to 2035 EST. 

3 .4. Doppler Frequency Shift 

Because of the relative motion of the moon with 
respect to the earth, radio waves reflected from the 
moon are shifted in frequency. 

The Doppler frequency shifts measured dming 
the partial lunar orbits of 12 January 1960 and 8 
F ebruary 1960 are shown in figure 10. It is quite 
evident that the experimental observations are in 
agreement with the theoretical predictions. The 
theoretical cmves were computed according to the 
method proposed by Fricker et al. [1960]. The 
Doppler shift is a maximum of approximately + 1130 
cis at moonrise and a minimum at the moon's 
transit. 

The Doppler frequency shift at 120 Mcls, as 
reported by Browne et al. [1956], was on the order 
of ± 50 cis for observations taken when the hour 
angle of the moon was less than 30 min of time. 
Doppler shifts as large as ± 1000 cis at 412 Mc/s 
have been recorded by Fricker, Ingalls, Mason, 
Stone, and Swift [1958]. 

3 .5 . Doppler Frequency Spread 

Radio waves, when reiiected from the moon, 
experience a Doppler spread in frequency in addition 
to undergoing a Doppler shift. The former phenom
enon is predominantly the result of the moon's 
libration. 
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Fricker et a1. [1960], have shown that the fre
quency spread at transit is always a maximum , 
while at moonrise it could have any value, depending 
upon the moon's effective total libration rate in 
latitude and longitude. 

In an attempt to determine the existence of the 
Doppler frequency spread, the power spectrum 
for one lunar observation was calculated and com
pared with the theoretical prediction. 

The power density spectrunl is the Fourier trans
form of the autocorrelation function which is com
puted from an amplitude-versus-time func tion. In 
this an alysis, the autocorrelation function was cal
culated from the t otal lunar cross section which is 
proportional to the square of the signal amplitude. 
The power density spectrum, as discussed in this 
section, defines, in essence, the frequency-power 
content of the t ime variation of the total echoing 
area of the moon. ~ 

The autocorrelation function of the total cross 
section of the moon, calculated from radar data 
recorded during a I -min interval on 8 February 
1960, is presented in figure 11. The total signal 
power for each pulse, i.e., sum of the power r eceived 
on the two orthogonal polarizations, was measured 
1 msec after the rise of the pulse. This corresponds 
to the coverage of a spherical cap on the moon 
with a fractional radius of 0.404, t h e fractional 
radius being defined as the ratio of radius of the 
bllse of the ~spherical cap to th e radius of the moon. 

! 
J 

The power density spectrum derived from th e \ 
autocorr elation function is given in figure 12. It is 
seen that the principal frequencies are all less than 
1 cis, i.e. , 0.27,0.53,0.69, and 0.94, with the dominant 
frequency b eing 0.27 cis. 

The theoretical maximum Doppler spread for this 
particular time was found to be 2.21 cis for the 
fractional radius of 0.404 . This calculation was 
based on the lunar libration rate constants presented 
m tn,ble 1 and applied to the theoretical relationships 
of Frick er et a1. [1960]. \ 

Since the Doppler frequency spread is directly \ 
proportional to the fractionitl radius of the m0011 
(Fricker , Ingalls , Mason , and Swift 1960], and since 
t.he experimental dominant frequency of 0.27 cis 
is 0.12 times smaller thitn the theoretical estimate 
of 2.21 cis, it fo llows that the fractional radius 
'within which the observed amplitude variation is 
con tained is about 0.049. 

At it frequen cy of 425 1!fc/s, the first Fresnel 
zon e on the moon h as a fractional radius of approxi
mately 0.007 . It appears, therefore, that while the 
effective radius responsible for most of the amplitude 
variation is smaller than 713 km, the radius of the ' 
spherical cap corresponding to a fractional radius 1 

of 0.404, it is larger than the radius of the first 
Fresnel zone, 11.7 km, by approximately 7 times. 

As shown in the photograph of the front portion 
of the moon's face, figure 13, there is a comp aratively 
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smoo t h area in the cen.ter of the moon , Sinus Medii, 
large enough to encompass at least 7 Fresnel zones. 
This region is s llrrounded by a number of mountain 
peaks that rise 5,000 to 8,000 feet [N eiso n, 1876]. 
It could be possible that the librational motion of 
these peaks account for the higher frequency terms 
obtained in the power density sp ectrum. For 
example, the mountain range, Rhaetieus with a 
fractional r adius of approximately 0.08 to 0.09, 
could have impar ted at its location a fading rate 
of about 0.84 to 0.95 cIs on 8 F ebl'llary 1960. It is 
in teresting to note that the fading rate, possibly 
due to Rhaeticus, compares favorably with one of 
the frequencies, 0.94 cis, present in the power 
density spectrum of that date. 
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The feasibility of m apping the surface of the 
moon by means of Doppler shift power spectrum 
measurements has been demonstrated by Petten
gill [1960]. 

FIGURE 12. Power density spectnun of the total cross section of 
the ?noon, 8 February 1.960. 

T A BLE l. L ibl'ation rate constants for the evaluation oj Doppe?' Jreqnency spread 

8 February 1960, 1401 EST 

Azimuth I Elevation Total libraLion 'l'otalli bration 

I 
[ IT' ] i\1aximum 

angle angle rate in latitude rate in longitude ,, = tan-1 - Doppler 
ITS ITL 

o ITL 
spread 

Degrees Degrees Radians/sec Radians/sec 

I 
Del/rees cis 

71.5 0.7 - 1. 34796XlO .... -5. 14733 X 10- 7 69.1 5.450 K * 

*K=Fraetional radius of the moon. 
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FIGURE 13. Fresnel zones on the fac e of the moon. 

4 . Conclusions 

An analysis of radar pulses reflected from the 
moon has revealed pertinent data regarding the 
characteristics of its surface. 

It appears that, at a frequency of 425 Mc/s, the 
front portion of the moon is comparatively smooth 
and is the region where specular reflection takes 
place. The following experimental evidence is the 
basis of this conclusion. 

1. Radar-pulse measurements of the cross section 
and the power reflection coefficient of the moon are 
approximately the same as those determined by CW 
systems operating at a frequency of 412 Mc/s 
[Fricker, Ingalls, Mason, and Swift, 1960J and 488 
Mc/s [Blevis and Chapman, 1960]. This indicates 
that a pulsed radar system covering a sufficient 
number of Fresnel zones measures the same echoing 
area as a GW system covering the entire sUTface of 
the moon. 

2. The probability density function of the total 
amplitude of the 1~ll1ar echoes, for one 10-min sample, 
reveals the possIble presence of a steady siO"nal 
which may be indicative of a specular refle~ted 
signal. The analysis is based on Rice's [1945J 
theory of random noise. 

3. The envelope or fading pattern of the amplitude
versus-time photographs of the main lunar echo 
received on two linear orthogonal polarizations are 
always identical. This implies that the polarizations 
of the incident pulses are not altered on reflection 
from the front portion of the moon's surface. 

4. The rotation of the plane of polarization of the 
radar-lunar echoes is found to be entirely due to 
the Faraday effect of the ionosphere. The polari
zation of the received signal often attains an acute 
angle of zero degrees and 90 deg, whereas, according 
to Senior and Siegel [1959; 1960], a rough body can 
be expected to yield a minimum signal, containing 
at least 30 percent of the total received energy. In 
other words, the polarization angle of signals reflected 
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from a rough body should vary between 18 and 73 
deg and not between zero and 90 deg. 

5. The pulse shape of thernain reflected echo 
most often resembles the transmitted pulse. 

The experimental evidence, indicating that the 
back portion of the moon behaves as rough scatter, 

:/ is based on the following. 

.1 

I 

1. A-scope photographs of lunar echoes show that 
the pulses are stretched out in length to approxi
mately the radio-depth of the moon, i.e., 11.6 lIlsec. 

2. It is found that the decay of the trailing edge 
of a composite lunar echo, which is the average of 
130 echoes, obeys the Lommel-Seeliger scattering 
law displaced by a factor of approximately one
eighth. 

The assistance of R . Wolfe in analyzing the radar 
amplitude data in the study of the scattering laws 
applicable to the lunar surface is greatly appreciated. 
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