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This paper presents a prelim inary study of po int-to-po int co mmuni caLion syste ms on 
the surface of t he moon. Gro und wave p rop:1[!ation is assumed ol'er a lun a r model con
sist ing of >t smooth sp here of ho moge neous m!1terial in free space and ,t tten uat ion curves 
arc p resent ed for a wid e range of elecLromagneLic [!ro und constants . The co mmunicat io n 
s.vste m is dcscr ibecl in ter ms of the pmye r req uired at t he input term in !1ls of Lhe transmiLLing 
a ntenna in order to obtain a givcn s i ~nal-to-noise rat io at Lhc rece il·er. Di ~c uss i o n s of an
tenn a considerations an d no ise effects a re p resen ted and a n example is g iven of a system 
co mposed of a Re l'erage wave a nten na t. ra nsmitting to wa rds a ve rL ical electric dipole. For 
gro und conduct iv it ies on Lhe order of 10- 4 to 10- 3 mhos/ mlhi s cxample indicates an opLimum 
frequency ly ing in the LF band and a communication range out to somewhat beyo nd 100 
ki lomelers, depend i ng o n Lhe type of serv ice desi red . 

1. Introduction 

T he problem or d etermining Lhe requirements 
neceSS,llY for ad equ'lte poin t-to-poin t communi ca
Lion s:vsLems on th e sur i',tce of the m oo n is, at the 
prese nt t im e, co mplicaLed b ," ,1, lack o r in rorrnation 
co ncerning lunar composition ,Wei enviro nm ent . 
The presencc 01' Rbsence or an ionosph ere, the valu es 
to assum c for conciu ctiviLy, perme,tb ili ty, a nd 
permi ttivity o r the lunar sur race ma teri,t[ , and 
Lhe possibili ty of layerin g below the surIt1,ce ,lr e f~lC
tors afrectin g 11ll~' consid emtion of co mmunicH,tion 
]'cquire ll1 enLs, The efrect or extra -lunar noise sources 
on signa l r eeepLion C<ll'l onl,v be estinmtecl using 
in ronn <lLion gain ed rrom ettrth-based measurem ents . 
UnLil such time as aeLunl cxperiments on the moo n 
can be undertaken to provide the needed infonna
tion , lun ar communica tion stud ies <.;an give only a 
gell eral indication of whn t may be expected in the 
W~ly or po wer r equil'emen ts a nd antenna types. 

The lunltr model 11,ssumed for th e purposes of the 
present paper is a smoo th sphere of r adius ro( = 1738 
kill ) consisting of ,1, homogeneous material ch arac
terized by a r ela tive dielectric constan t ~ r, con
ductivity (J in mhos per meter, and m agnetic 
permeabili ty equal to that of free space. The 
mks system of uni ts is used throughou t this paper . 
T he effects of any atmosphere or ionosphere sur
rounding th e model are neglected . The primary 
mechanism of propagation is consid ered to be the 
ground wave, the solu tion of which is well known 

\ and m ay be expressed by th e Van der Pol-Bremm er 
residue seri es for diffracted waves around a smooth 
hom.ogeneous sphere [Bremmer , 1949]. B ecause 

i of th e diffi culties inherent in the construction of any 
complex an tenna stru ctures on the moon, low 
an tenna heigh ts rtre assumed and, consequently , 
heigh t gain effects are considered negligible. 

*S ponsored by the Jet Propul sion Laboratory, Pasadena, Cali f. 
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2. System Loss 

Th e co neept of system loss [No rton, 195:3 , ] 959 ; 
WaiL, 1959] will be used Lo desc ribe t he efl'ects of 
Lhe various s,,'stem parameLers . S.,·s Lelll loss L 
is defi ned as the ratio, e\'pressed in dec ibcls,l of 
th e available po wer Pt sup pl ied at Lhe illPut termi
nals of the t ransllli tLing ante llil a to t he available 
power pr delivered to the r eceiver if Lhere were no 
eircu it losses other than t hose nssoc i ~tLed wi th 
an te lln a t.erlllina.l r esis Lances : 

L = ] O log (p t!Pr) = P t- P r, (1) 

wh ere a co njugate ma tchin g of im peda nces at the 
r eceiver end is assumed ltnd only lin ear systems are 
co nsidered . The s \'s Le m loss ma,' be di vided 
fur t her into a free space 01' inverse' distm)ce com
pon ent whi ch would be the loss expected between 
t wo isotropic an tenn as sitw1,ted in free sp,tce, an 
attenuation At relative to free space which accoun ts 
for the effec ts on propn,gation of the intervening 
terrain , and two transmit ting and receiving antenna 
components , L t-Gt and Lr- Gr, whi ch describe the 
effects of the par ticular an tenn as used. Thus, (1) 
may be wTitten as 

where do is the ar c d istance sep arating Lhe twe 
antennas m easuTed around t he sph ere and f... is tbe 
free space wavelength expressed in the sam e units 
as do. Gt,r is the transmittin g or receivin g an tenna 
gain r elative to an isotTopic antenna, and L t,r is an 
an tenna loss arising from its proximity to the ground. 

I I n this paper ca pital let ters arc used to c1es i~na(c the decibel eq uivalent or 
the corresponding lower case letters, e.g., P ,= JO l o~!o Pt. 



Notice that in order to calculate the available 
power from the output terminal of the transmitter, 
any transmitter transmission line loss should be 
added to the right side of (2). However, with 
reasonable care the effect of this loss may be made 
negligible, at least at the lower frequencies . 

Equation (2) provides a formula to find the trans
mitted power necessary to obtain a given received 
power. However, the power received consists not 
only of the desired signal but also of radio noises 
arising both from within and without the receiving 
system. If r denotes the desired minimum signal
to-noise power ratio which will provide a given grade 
of reception as measured at the receiver predetection 
output, and an effective noise figure f is defined as 
the ratio of the signal-to-a reference Johnson-noise 
power ratio which is available from a loss-free 
receiving antenna to the receiver predetection output 
signal-to-noise ratio, then the received power may 
be expressed [Norton, 1959] as 

(3) 

where kBtob is the reference Johnson-noise power, 
kB is Boltzmann's constant (= 1.38044 X 10- 23 joules! 
degree), to is a reference tempera ture in degrees 
Kelvin, and b is the effective noise bandwidth in 
cycles per second. The definition of f in terms of 
noise figures of the component parts of the receiving 
network can be shown to be [Barsis, Norton, Rice, 
and E lder, 1961 J 

(4) 

where f e is the "noise figure" of the external noise 
and f etT is the noise figure of the antenna circuit, 
transmission line, and receiver. These are discussed 
in more detail in section 5. 
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Using the above definitions, the transmitted 
power may now be expressed as 

The following sections will discuss the variou:::. 
components of (5) . 

3. Norton Surface Wave Attenuationr At 

Numerical procedures for the calculation of 
electromagnetic fields diffracted around a smooth 
sphere have been developed by various authors 
[Burrows and Gray, 1941; Norton , 1941 ; Bremmer, 
1949] . The ground wave may be expressed as n 
series of residues which, if the functions of antenna 
height are equal to unity, depend on the radius of 
the sphere To, the arc distance do separating the 
antennas, the free space wavelength A, the relative 
dielectric constant I:T and conductivity (]' of th e 
ground, and the polarization of the wave. To 
emphasize the fact that no height gain effects are 
included in the analysis presented in this paper, the 
term "Norton surface wave" [Norton, 1941] is used 
to denote the ground wave with antenna heights set 
equal to zero. In parametric form the Norton sur
face wave attenuation relative to an inverse distance 
field At is conveniently plotted as a function of 
three parameters: R.. , bO, and x' o. Definitions of 
these parameters and their relationship to the 
residue series are discussed in section 1 of the ap
pendix. In the expressions that follow, a homo
geneous ground is assumed. However, it should be 
mentioned that recent investig'1tions [Wait, 1962] 
have shown that with a simple extension of the 
definitions of f{ and be, attenuation curves such as 
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FIG URE 1. The parameter ITJ, I for horizontal polarization. 
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tho e presented in this paper 11~ay be used to calculate 
propaga Lion effects ove!' s t~·a tl.fied m a terml. . 

F or horizontal polal'lZaClOl1 (K = K ,,) and vertlCal 
poi<l rization (K = K v) 

where I T" I and I Tv I are plo tted as functions of er and 
S= 60A CT (mhos/m) in figures 1 and 2. H er e s repre
sents the imaginary part of jJ.2 as defined by Bremm~r 
[1949, page 5], A is the ~r~e space waveleng th m 
meters, and CT is conductlvity III mhos per m et.er . 
Values of Er > 10 ar e not sh own b ecause present lll

formation indicates that the rela tive d ielectric con
s tan t of th e moon is considenLbly less than ten . 
However , IT"I and lTv! are easily ob bLincd for other , . 
E, S s mce " 

1.0 

0.9 
[.j(E,- 1)2 + s2 ] 1/2 

ITv l • E,2 + 52 ' 

11\1 = [ (er- 1)2 + s2J1/\ ITvl = [ "I (e r- 1 ) 2 + s2/( e ~+s2)] 1!2 . 

(7) 

Limiting forms of these functions for small s beyond 
the r ange of the graphs ar e: 

(7a) 

and for large s: 

I Th l ~~s ,I Tvl ~ l/·j8, s 00 . (7b) 

Similar plots of b~ and b~ (the subsc~'ip ts h a~d v 
aO'ain rcferrino' to horizontal and ver tlCal polal'lza
ti~n respec tiv~ly) as functions of Er and s ar e shown 
in figures 3 and 4. E xpressions for b~ and b~ ar e 

b~= 1 800- tan- l [(er- 1) /s], b~= 2 t an - 1 [Er/S] 

- tan - 1 [(er - 1)/s] . (8) 
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The N orton surface wave n,ttenun,tion A t is graphed 
in figures 5 th rough 8 versus Lhe distance pn,l'n,meter 
x~ wher e 

second and do (km) the distance measured in kilo
meters. It should be noticed that in gen eral A, 
does not vary much with bO and lineal' interpolation 
may be used for valu es of bO other than those sho \\"n. 
Also it can be seen that for K > lO, Al approfl,ches a 
lim it ing f unction whi ch is plotted as the top curve 
on each graph. 

(9) 

with fmc denoting the frequency in megacycles pel' 
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Equations (2) and (5) are strictly applicable only 
for the case of antennas separated a sufficient dis
tance apart (do> > A) such that the magnitude of 
their mutual impedance is small compared to the 
self resistances of the antennas [Norton, 1959]. 
Because of this restriction At is not shown in the 
figures for values of x~< l. As do (or x~) goes to 

zero, At approaches 20 log OD=- 6.02, which would 
correspond to the surface wave field intensity ex
pected between short vertical electric dipoles situated 
near each other on a perfectly conducting plane. 

It is apparent from. figures 5 through 8 that the 
attenuation is less for the larger values of K, these 
values corresponding to vertically polarized waves 
at the lower frequencies. For example, with a lunar 
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ground conductivity of, say, <T = 4 X 10- 4 Inhos/m, distances of 100 km. On Lhe other hand, with 
and for frequencies less t han or equal to abou t 1 horizontal polarization, K" is usually much less than 
M c/s, it is seen from (7b) that Kv~0 . 081 j;.~/6 . In unity for all frequencies and the attcnualion i 
t bi case tbe attenuat ion is less t han 50 db out to greater. 

- 20 
1 1 

f- -
K ~ I O 

20 

40 

60 

80 

100 

0 120 
" N 

.c 
" 

.c 
140 

<l 

160 

180 

200 

220 

240 

260 

K , I 

t--r--r-I-t-r-. --I---t--r-;;- ~ 
b , 90· 

r--t-- t---- ~t- ~ 
-

I--- I--t-r-. t---
I--I--r-r--. -=::::::: ~ ~ ~ \ r--- I-- t- --- I----- r----..~ \ -- "-

------
r-I-I- ........ 

K ..... 

~\ \ \ 1\ r--
F--- --....... I-- I----- -

r- r-.. ..... r\ \ 1\ t-- 0 .02 -I--r- -- ~ ~ 0 \ \ 
r----- I---I--~ 1\ 1\ 1\ 

-
t--- t--

-----
t-- ~ I' r\\ ~ [\ \ ~ r--

F--- t--t-- I----- 1'- 1\ 
-

r- t-t- ~10- 3 '" 1\ 
r-- t--t- ----~ 1'-t-- ~ t\ 1\\ 1\ '~ i\ 1\ r---- -

r--t-- I--- 5x 10- 4 t--. -- t- ~ '" ~ ~ ~ l\j\ 1\ r-- r--
F--- t--t-- I---~-4 1'-t--

-
t-

~ I"- 1\ 
l-I--r-

________ 1 x 10 - 4 r--... 
1'- ~ ~ 

\ 

1'\[\1\ r----- I-t- ~~ t--I' -

r-- r-- I"- 1\ r- t- 1\ -- r- t- -- ~ ~ l\\ l~l\ l\ 1\ \ 

I--- r-- '" F--- t-- ~' t- -t--t- I"-t--
r- '" ---I--r-I- ~ ........ ...... 

~ ~ .\ ~ 1\ \ r----... ~-6 ' I' -
r-- --....... ........ ...... 1\ \ -- r- ..... 

.............. I"-

~ ~ \\ ~ l\ 
1\1 \ 

~ 
r-- --....... ~ 

r--... t- -t-- r- 'I' 
~- 6 f::: 1'- ~ ~ ~ t\\\ f- I-- r----.. 1'1' -

r--1'- 1\ j\ 1\ 
I'l" 

~ ~ 1\\ ~I\ n 
f- -

f-

\ ~ 
,\ 
~~I \ I- -

1\ I \ I \ \ \ 280 
1.0 3 4 5 7 10 20 30 40 50 70 100 200 300 500 1000 2000 5000 

Xo' = fm~/3do (kml 

F I GU RE 7. N OTion swjace wave aUen1wtion, A" b = 90°. 

I . 11 --



4, Antenna Effects and the Wave Antenna 

The terms L t,r and G t,r (the subscript t,r referring 
to either transmitting or receiving antenna) in (2) 
describe the effects of the particular transmitting and 
receiving antennas used in the communication system 
under consideration. L t r is defined as the ratio 
expressed in decibels of) the terminal resistance of 

the antenna to its free space radiation resistance, 
Thus, as the height of the antenna above the surface 
is increased , the ratio of the resistances approaches 
unity and L t or Lr effectively b ecome zero, For 
heights neal' the surface the antenna terminal 
resistance is a function of the electromagnetic 
ground constants, ~T and 0", and for poorly conducting 
grounds L t,T may become very large [Wait, 1953], 
G t,r denotes the free space gain of an optimally 
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orielltedloss-Iess iUl tenllft n,bo\Tc n,n isotropic antenna, 
e.g., G, = G,= 10 log (3 /2) = l.76 for elec tric current 
clements or elementary dipolcs and G,= Gr = 2.15 
for half-wave a ntenn as. 

Al t hough the separat ion of antenna effec ts in to a 
frcc space gain and a ground proximity loss is 
somewhat arbi trary , especially in the case of surface 
wave propagation, it is possible to r edu ce the effect 
of the ground and at least approach a free space 
co ndi t ion for low antennn,s through the use of an 
appropriate ground screen. Discussions of an tenn a 
charac teristics and their modifications by ground 
screens will be found in Schelkunoff a nd Friis 
[1 952] and papers by Wait and Sur tees [1954] and 
by W fti t [1956] . The res t of this section will b e 
dcvoted to a discussion of the Beverage wave 
antenna [Bcverage, Rice, and K ellogg, 1923] and 
dipole-type an tennas . 

The wave an tenna in its simplest form consists of 
a long horizontal wire situated a short heigh t above 
t he ground and termina ted at one end t hrough its 
characteristic impedance. Jt is ft unidirection al 
an tenna with the maximum gain in the direc tion of 
t he an tenna axis and toward t he termin a ted end. 
Wait [1954] has shown that th e ver tical elec tri c 
field componen t of a W~LVe an tenna is proport ional 
to a complex factor Tv, termed the " wave tilt " 
a nd defined by 

Tv= [( ~ r- l ) - isN(~ r-is), (10) 

and a fun ction S' which depends on wavelength, 
electromagnetic ground constants, antenna length 
ftnd hei~ht, and an angle cp measuring th e direction 
in whiCh t he an tenna is point ing. S' , ob tained by 
in tegrating the con tribu tions of ftll the elem en ts 
alon g the antenna, is given by 

S' 
l - exp [- (r - i j3 cos cp)l] 

(r - i f3 cos cp)l ' 
(11) 

------- ------

where j3 = 27r/ 'A, l is the an tenna length, and r is 
the propaga tion constant of the wire which for large 
antenna heights approaches t he propagation cons tan t 
of plane waves in fr ee space, i j3 . In terms of the 
wave an tenna power gain [11ar tin and Wickizer, 
19491 referred to an isotropic an tenna, (P wa/Piso) , 
this becomes 

where Zo= Ro+ iXo is the characteristic impedance 
of the wave an tenna. The derivation of (12) is 
discussed in the appendix, section 2. The fac tor 
ITvl is shown in figure 2 and IS'I is graphed in 
figure 9 as a function of the two par ameters (al) and 
(j3l) (m - cos cp), with the propagation constan t r 
defined as 

r =a+ i j3m , (13) 

wherc a and m are real. Thus- \when the all tenna 
heigh t h is sufficien tly large, 0' = 0 and m= 1. At lower 
heigh ts an approximate expression for the values of 
a and m has been given by Carson [1 926]: 

a/f3c:::=.m- L::::='. [23/2 «(3h)~~~+s2 lu (4h/d,,) ]- I, (14) 

where da is the di ftmeter of th e an tenn fL wire. F or 
an an tennft actually ly ing on the ground, r may be 
expressed as [Colem fLn , 1950] 

r = a+ ij3m= j3 
1 

m 2- 2 ( ~ r + J) 

+ ~ [-\/ ( ~r+ 1) 2+S2+ (f r+ l)F. (15) 

It should be no ticed from (15) that the propagation 
cons tan t of a Wft ve an tenna lying on the ground 
may ftpproach i ts free space value if the relative 

0.5l=~-t~TfffH--+-T-Fm-8---+--L 

15'1 

001~~ 
0.005~ 

10 10 50 100 

FIGU R E 9. P attern facto r IS' I I o?' a horizontal traveling wave antenna of length 1. 
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dielectric constant is very near unity and the con
ductivity is extremely small. These conditions 
appear to hold for lunar surface material. An 
example of the wave antenna pattern as a function 
of the direction angle 4> is shown in figure 10 for 
several values of the parameter (3l = 27r(lj'A) and for 
m = l , a= O. It is seen that the antenna is highly 
directional in the forward direction (4) = 0); other 
values of m and a modify the pattern somewhat 
but the general shape is the same. 

A modification of the wave antenna which is also 
discussed in the paper by Wait [1954] is one in which 
the horizontal wire of length l= 2b is center-fed and 
the ends of the antenna are not terminated with a 
load impedance. Assuming a current distribution 
along the wire of 

1 (y)=1o[sinh(rb) t 1 sinh {r (b-Iyj)} , (16) 

where 10 and yare respectively the current at and 
the distance from the feed point, an integration of 
the elements over the length of the antenna yields 
for the antenna pattern lS I: 

IS I=I {3b cos 4> 1· !S: I 

2 {cosh Xl-COS (X2 + X3) } 
X~ + (X2+X3)2 

(17) 

FIGU RE 10. Horizontal traveling wave antenna pattern . 
ISI=11I1 cos <1>1'18'1 for m = l, «=0. 
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wbere xl = ab, x2=(3bm, and x3 = (3b cos cPo The rela
tion bip of lSI to the wave antenna power gain is given 
in ection 2 of the appendix. Graphs of (17) for the 
case a = 0 are shown in figure 11. Thus, for example, 
with values of a~O and m = 2 (which would correspond 
to tbe antenna lying on frozen or dry ground) and an 
antenna length of L= 2b = A/4, the value of lSI in the 
forward direc tion, cP = 0, is read from figure 11 as 
lSI . 0.94. 

The effect of finite ground conductivity is quite 
pronounced on dipole-type an tennas of small heights 
at the lower frequencies. Oonsiderable power loss 
occurs as the conductivity appro ache zero. Som
m erfeld and Renner [1942] have investigated ground 
proximity effects for the case of horizontal and verti
cal electric dipoles, and using their expression for the 
antenna terminal resistance r , the quantity L t. T- Gt. T 

has been calculated and plotted versus frequency in 
figure 12 for a vertical electric dipole of height h = /-.. / 16 
and combinations of ground constants: €T= 1.1 , 2.0, 
and 0'= 10- 3, 10- 4• As stated at the beginning of this 
section, L t. T is defined by L t• T= 10 log (rlrf), where 
the subscript] refers to free space conditions; r , ex
pressed in in tegral form in the Sommerfeld and 
Renner paper, was numerically evaluated using an 
electronic computer and Gt,r the free space gain was 
set equal to 1.76. 

Similar curves for the case of a vertical magnetic 
dipole-type antenna which is equivalent to a small 
circular loop with its axis perpendicular to t he ground 
may be obtained from the expression for the radiation 
resis tance derived in a paper by WfLit [1953]. As in 
the case of the vertical electric dipole, tbe power loss 
becomes quite large at low antenna heights. 
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5 . Effective Noise Figure 

The effective noise figure 1 [Barsis, Norton, Rice, 
and E lder, 1961] describes th e noi e of the total re
ceiving system in terms of the noise figures of its 
component parts: 

] = ]e- 1 +] ctr, 

where [Friis, 1944] 

and 

(18) 

lc and It itre the loss factors 2 (i.c., the ratio of the 
available input to output powers of the component) 
of tbe antenna circuit and transmission line re
spectively, with tc and tt being their corre ponding 
absoluLe temperaLure ; 1T designates the receiver 
noise figure and to is a rcJerence temperature. Gen
erally speaking, the factors ] e and]c will predominate 
in ealeulaLing values of], especially at the lower fre
quencies [Orichlow, mith, Morton , and Oorliss, 
1955]; at high frequencies] depends more on]t and]T 
which are best obtained by direct measurement. 
By assuming the transmission line loss to be negli
gible, we may write (18) as ~, J 

I t= 1. (19 ) 

2 Notice tbat t he symbol I, uscd in this section is not tlle same as tbe trans
mitting antenna loss I , discussed in section 2. 
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FIGURE 11. lSI for center-fed wave antenna of length 1= 2b w ith <> = 0 . 
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T h e effective noise figure now depends on the loss 
associated with th e an tenna circuit le, th e llbsolute 
temper ature of th e an tenna t e, the r eceiver noise 
figure j T, and j., which is a m easure of th e external 
n oise. 

At the presen t time, of course, and until ac tual 
measurements can be under tak en , the amoun t of 
ex ternal noise r eceived by an antenn a located on th e 
moon can be only roughly es timated . It is likely 
that th e predominan t source will b e ga1actic; how
ever , consideration also should be given to solar 
noise and noise arising from the nearby ear th . An 
estima te of galactic noise can be ob tained from radio 
noise m aps prepared by Donald H . M en zel of the 
H arvard College Observatory [:r..ll enzel]. These m aps 
also give noise in tensi ties of discrete galactic sources 
for various frequencies. Using the frequency varia
t ion indicated in the tex t accompanying these m aps, 
F e= 10 log I e (considering galactic noise only) is 
plotted versus frequen cy in figure 13 for a r efer ence 
temperature to= 288.39 oK. Un til data from noise 
m easurem en ts tak en above the ear th 's ionosphere ar e 
available, it can b e only assumed that th e fr equency 
variation is as indicat ed in th e figure for frequen cies 
less th an th e plasma frequency of about 20 M c/s. 
Tl~e empiri~al expression used to plot the galactic 
.110lSe curve lS 
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Je= 1.585 X 101;;; ~ ' 3, Jmc~ 200 ; 

fe= 6.467 X 10~;;;~, fmc?:. 200. (20) 

In the case of solar noise and noises rrom terrestrial 
sources, i t is probable that no ticeable effects gen
erally will occur only at the lower fr equellcies, excep t 
d uring periods of ex trem e solar activity wh en con
sider ftble noise at all fr equencies m lly be expected 
[Brown llJ1d Lovell , 1957] . Also, o( course, some 
r adio noise will be generated by th e surrace of th e 
moon itself. No attemp t is made in the present 
paper to inves tigate these aspects of the problem . 

The an tenna circui t noise figure f e, depending as 
i t does on th e an tenna loss and absolute temp erature 
of the antenna, will vary accordmg to th e typ e of 
an tenna used , th e elem ents of the circ uit, and whether 
the an tenna is in direct sunligh t or not. An tenna 
loss is b est obtained by direct measuremen t ; how
ever , if measurements are im practical, le may b e 
approximated by th e "ground-proxim ity" loss IT dis
cussed in sec tion 4. In fact, for m atched condit ions 
of the elemen ts of the r eceiving an tenn a circui t, le 
and IT are identical. 
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6. Calculation of Required Power 

Attempts have been made recently to deduce the 
electromn,gnetic properties of the moon's surface ma
terial through the use of radar data [Senior and 
Siegel , 1960]. Altbough differences exist concerning 
the exact interpretation of the data [Brown, 1960; 
Daniels, 1961], there is general agreement that the 
relative permittivity is not fn,r above unity and that 
the conductivity is quite low. In any case the 
graphs discussed in the preceding sections are appli
cable to a wide range of values of €r and CT. 

Senior and Siegel in the paper cited above estimate 
the relative permittivity and conductivity of lunar 
surface material to be €r= 1.1 and CT = 3.4 X I0 - 4 

mhos/m . Materials constituting the earth's crust 
have larger values, although some substances such as 
extremely dry, coarse q uartzitic sand are somewhat 
this order of magnitude. For the purpose of arriving 
at some estimate of lunar propagation conditions, it 
will be assumed that Er ranges from 1.1 to 2.0 and 
CT lies between 10- 3 and 10- 4 mhos/m. 

If we measure the arc distance do in kilometers and 
choose a reference temp erature to= 288.39 OK (as in 
section 5), tbe required transmitted power given by 
(5) may be rewritten as 
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wh ere L v is called the basic tran smission loss and is 
given by 

L b= 20 log (47rclo/r.. }+At= 32.45 + 20 log do(km) 

+ 20 log fmc + A,. (22 ) 

Figure 14 shows curves or L v for vertically polarized 
waves as a function of frequency and for the dis
tances indicated. Values of At were obtained from 
figures 5 through 8 by linear interpolation in both the 
K v and b~ directions, K v being given by figure 2 and 
eq (6), and b~ being read from figure 4. Notice that 
the basic transmission loss varies inversely with con
ductivity at the lower frequencies while at high fre
quencies, the effect of variation with CT becomes 
negligible. 

If we now assume a communication system con
sisting of, for example, a horizontal traveling wave 
antenna lying on the moon's surface and transmitting 
towards a short vertical electric dipole placed some 
distance n,way and in an optimum direction from the 
transmitter ( q:,~O O), we may est imate the power re
quirements from (21). An estimate of L t-G, may 
be obtained from (12) (see section 2 of the appendix) 
by assuming the free space value for the wave an
tenna characteristic impedance: IZo I "-'Ro = 12071". 
Using figures 2 an d 9, L t - G,=-10 log (Pwa/Piso) 
was calculated for the case of an antenna length 
l= r.. /4 and plotted versus freq uency in figure 15. As 
before with basic transmission loss, the antenna loss 
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FIGU RE 14. Basic transmission loss for vertically polarized Norton swface waves. 

at the lower frequencies varies noticeably with con~ 
ductivit.y but not with the relative permittivities 
assumed; at higher frequencies , the opposite is true. 

By comparing figures 12 and 13, it can be seen t hat 
the external noise tends to "blanket out" the effect 
of the receiving antenna circuit loss. Thus, if we 
assume the effective noise figure to be a function only 
of the external noise.fe and a receiver noise figure of, 
say, .fr=4: 

(23) 

the required transmitted power for a given type of 
service under the above restrictions can be calcu
lated from (21) by settin Gr = l. 76 and making use of 
figures 14 and 15, and eq (23). Figure 16 shows 
values of Pt-(R + B) as a function of frequency for 
antenna separation distances of 10, 100, and 500 k111. 
The wave antenna length of l= A/4 and vertical dipole 
height of h= 'A/16 were arbitrarily chosen, the main 
consideration being the complexity of the physical 
structures of the antennas. Of course at low fre
quencies even antennas of these dimensions might 
be very difficult to construct under working condi
tions on the moon. Notice that at very short dis
tances propagation will be by line-of-sight rather 
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than surface wave due to the dipole being at a height 
other than zero. The transmission loss in this case 
should be calculated by the standard geometrical 
optics method. 

It should be emphasized that this particular com
bination of antennas is meant merely to illustrate 
the use of (21) in estimating power requirements. 
Other antenna combinations must be investigated 
before a decision is made as to what will constitute 
the most efficient lunar communication system. 

N ow to estimate the required power supplied to 
the input terminals of the transmitter, we need only 
to desio-nate the type of communication service de
sired, thus specifying Rand B. For example with 
standard broadcast service and a bandwidth of 10 
kc/s, R is given the value 39 db [C.C.LR. , 1951] and 
B = 40 db so that 79 db should be added to the curves 
of figure 16 to obtain the required power in decibels 
above 1 watt. Thus the power required for this type 
of service at a range of 10 km and for a freq uency of 
300 kc/s would be about 10 db or 10 w. For a low
grade voice communication service and 6 kc/s band
width, R = 9 db [C.C.LR., 1951], B = 38 db, and 47 
db would be added to the curves. The required 
power in this case at a distance of 100 km and for a 
frequency of 100 kc/s would be about 16 w. 



0 

"'" 0 

0 

o 

0.- 4 
"-

0 "" 
o • a. 

'" o 

Q 
I 

0 

0 

" 

I"" 

l'-

Jot . </> "0· 

"" 
E"r: U 

E:r=2.0---

"'\ 
l'-

"'" "'" '" '" "l"- i'-, 0"=JO~ 3\ 

0 
i::.- rr- -
a=lo-"'V7l 0- 0 10-; 

0 
0.01 002 0.03 005 007 0.1 0.1 OJ US 0] I 

1 

1 3 5 7 10 10 30 50 70 100 100 300 500 700 1000 

fmc 

FIGURE 15 . Power loss for horizontal traveling wave antenna lying on the ground. 

In the particular idealized system described by 
figure 16 a numb er of points should be noted: (1) The 
required power does not vary appreciably over the 
range of €r assumed, and thus for this model the rela
tive permittivity of the lunar surface is not especially 
critical for propagation considerations; (2) propa
gation out to somewhat beyond 100 kill is practical 
for most types of service, at least at MF or below ; 
(3) the curves indicate an optimum frequency exists, 
depending on the conductivi ty of the lunar surface 
and the range of propagation; for the conductivities 
and distances shown, the optimwn frequency lies in 
the LF band. It should be kept in mind that the 
effective noise figure of the receiving system was con
sidered to be only a function of galactic noise (whicb, 
of course, is extra~olated ~t the lowerfr.equencies)~nd 
a rather low reCClver nOIse figure. If the recClvmg 
antenna loss lc were large enough, it is apparent from 
(19) that F would have higher values than those as
sllmed. Also, during the lunar day, the antenna tem
perature tc would increase thus making the effective 
noise figure even higher. 

7. Future Studies 

On the question of further studies concerning 
communication on the moon, consideration certainly 
should be given to the following: 

1. An attempt should be made to evaluate more 
precisely the range of values of lunar electromagnetic 
constants, and especially the electric conductivity; 
maximum range, optimum frequency, and type of 
antenna are all dependent on the latter parameter. 

2. It is possible that the optimum frequencies 
indicated in figure 16 are mathematically "true" but 
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not physically real; i.e., that the model and the 
asswnptions made are too far from reality. Earth
based experiments in areas simulating ground condi
t ions on the moon could be undertaken to check 
their validity. 

3. Combinations of antennas other than that of 
section 6 should be investigated both experimentall~T 
and th eoretically. 

4. Data on galactic noise at low frequencies and 
not influenced by the earth's ionosphere should be 
obtained in order to check the validity of (20) and 
figure 13. Special consideration should be given to 
possible low frequency solar noise and its eiIect on 
lunar "daytime" communication. 

5. An investigation of propagation effects assum
ing a lunar modcl composed of layered materia,ls and 
including an ionosphere should be under taken. 
Theoretical studies of these t \ ·'lO aspects of the prob
lem are now in progress at the Central Radio Propa
gation Laboratory in Boulder, Colorado. The 
resul ts of this work, which is sponsored by the Jet 
Propulsion Laboratory, will be published as a 
second part to the present report. 
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8. Appendix 

8.1. The Residue Series 

The residue series for radio waves diffracted 
around a smooth homogeneous sphere as formulated 
by Bremmer [1949] 3 is 

_ ~2 1-.0 exp (iTsx)1 
a t-'yL-7rX L.J ') - 1/ <2 s=o ~r s u 

(AI - I) 

3 :\Totice that Bremmer uses cgs units whereas the units used in this paper are 
mks. 

where at denotes the attenuation of the field relative 
to a free space inverse distance field, 7 8 and /J are 
parameters which depend on the polarization of t he 
wave and the electromagnetic ground constants 
characterizing the sphere, and X is defined by 
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(Al- 2) 

with t... the free space wavelength, ro the radius of 
the sphere, and do the arc distance along the sphere. 
Ts is defined by Bremmer, using a t ime dependence 
of exp (-iwt) as the roots of the equation 



H m{ (1/3)(- 2Ts)3/2} _e- i7r/3 

Hi/'1{ (1/3) (- 2Ts)3/2} ( ') Oe. m' -~Ts 
(Al- 3) 

where lIm and HJ)~ denote H ankel functions of the 
first kind of orders one-third and two-thirds a nd 
oe and 0", are given by 

i(k~/kD 

(kJa) 1/3,/ (1c~/kD - l 

0",= (k~/k ~) oe=K,n exp [i(45°+ ~m)], (Al- 4) 

with 
(Al- 5) 

~r is t be relative dielectric constant of the ground 
and (T the ground conductivity in mhos per meter. 

If we now define S=6 0AlT and make use of eqs 
(6), (7), and (8) in section 3 together with (Al - 5), 
the parameters of (Al - 4) may be expressed in terms 
of th e notation used in this paper : 

1(. = K v, ~e= b~/2 (vertical polarization), (AI- 6) 

K m=J(", ~m= 90o- b ,.!2 (horizon tal polarization). 
(AI- 7) 

The parameter x gl ven by (Al - 2) ]s related to xb 
[see (9)] by 

(AI-8) 

where 1'0 is expressed in kilometers. 

8.2 . W a ve An tenna Power Gain 

The signal power Pwa rece ived by a wave an ten na 
of length L terminated in its characteristic impedance 
Z o= R o+iXo is given by MarLin and Wickizer [1949] 
as 

IEy121T,,1 21S12 R o 
Pua=~2-- ' I Zo I2 ' (A2-1) 

where E y is the vertical componen t of the electric 
field , S = ({31 cos cf»S' , {3 = 27r/A, and cf> is the angle 
measuring the direction in which t he antenna is 
poin t illg (cf> = 0 in t he forward direction). T v and 
S' are defined in (10) and (11) of section 4. The 
signal power PA/4 received by a quarter-wave vertical 
antenna with load resistance equaling its free space 
radiation resistance is 

(A2- 2) 

where fh l'l is the gain of the quarter-wave antenna 
above an isotropic antenna. Thus th e wave antenna 
power gain referred to an isotropic antenna (eq (12) 
of section 4) is defined in this paper as: 

(Pwa/PiSO) = (Pwa/Ph/4)gh /4= IS 121T v12(120R 0/I ZoI2), (A2-3) 

where lSI = liJl cos cf> I·IS' I· 
T he t heoretical determination of L t- Gt or L ,-G, 
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for a wave antenna in terms of its terminal resistan ce 
is quite difficult. However , since these quantit ies are 
essentially power ratios measuring the effectivene s 
of the antenna, an estimate of their magnitude may 
be ob tained from (A2- 3) . Thus in section 6 the 
assumption is made that 

L t-Gt=- IO log (Pwa/Piso) ' (A2- 4) 
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