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ABSTRACT

Radio-wave propagation theory is reviewed
with emphasis on point-to-point communications on
the lunar surface. The geometric optics solutions
for both a plane surface and a spherical surface are
presented. The transmission loss is found to slope
at 40 dB/decade of distance at the longer distances
for which the path difference between the direct and
the reflected wave is less than one-half wavelength.
The Bremmer series for radio-wave diffraction
solution is presented for calculation of the trans-
mission loss near the line of sight when the geomet-
ric optics solution does not apply. In addition to
smooth-surface effects, the roughness effects of
knife-edge diffraction and of small hills are used to
obtain a combined-effects transmission loss plot.
Finally, measured data are presented which con-
firm that the maximum astronaut-to-lunar-module
range will be at least 8200 feet and that the max-
imum astronaut-to-astronaut range will be at least
6000 feet.
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LUNAR SURFACE TRANSMISSION LOSS
FOR THE APOLLO ASTRONAUT

By Jetferson F. Lindsey III
Manned Spacecraft Center

SUMMARY

Radio-wave propagation theory is reviewed with emphasis on point-to-point com-
munications on the lunar surface. The geometric optics solutions for both a plane sur-
face and a spherical surface are presented. The transmission loss is found to slope
at 40 dB/decade of distance at the longer distances for which the path difference be-
tween the direct and the reflected wave is less than one-half wavelength. The Bremmer
series for radio-wave diffraction solution is presented for calculation of the fransmis-
sion loss near the line of sight when the geometric optics solution does not apply. In
addition to smooth-surface effects, the roughness effects of knife-edge diffraction and
of small hills are used to obtain a combined-effects transmission loss plot. Finally,
measured data are presented which show that the maximum astronaut-to-astronaut
range will be at least 6000 feet and that the maximum astronaut-to-lunar-module range
will be at least 8200 feet.

INTRODUCTION

The transmission loss for point-to-point communications on the lunar surface is
evaluated. The astronaut-to-astronaut and astronaut-to-lunar-module links are con-
sidered at the Apollo astronaut transmit frequencies of 279. 0 and 259. 7 megahertz.
The transmission loss is used as part of a circuit margin analysis to determine the
Apollo astronaut's maximum range. Modulation degradation caused by multipath loss
is not considered in this report.

The geometric optics and Bremmer series solutions are presented for a smooth-
surface model; then, rough-surface effects are incorporated into the geometric optics
solution to yield the combined effects. The smooth-surface model is finally compared
with measured data taken at the NASA Manned Spacecraft Center.

Smooth-surface effects have been rigorously determined by Bremmer (ref. 1)
with a derivation for the received electric field in the presence of a large dielectric
body such as the earth or the moon. Applications of the Bremmer series and the ge-
ometric optics solutions are discussed in reference 2 by Burrows. Rough-surface
effects are discussed in reference 3 by Beckmann and Spizzichino and in reference 4
by Deygout.



SYMBOLS

a radius of a spherical body

c speed of light

D divergence factor

d distance along surface from base of first antenna to base of second antenna
d1 distance from base of first antenna to point of reflection

d2 distance from point of reflection to base of second antenna

Eo received free-space electric field

Er received electric field

Et transmitting electric field

f frequency

fn(h) height-gain function

hl’ h2 antenna height

hi, h2' equivalent antenna height

k index of refraction

L transmission loss

LB Bremmer loss factor

Le d edge diffraction loss
multipath loss factor

mp
L0 free-space transmission loss
Lt total transmission loss
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summation index
complex reflection (Fresnel) coefficient

Fresnel reflection coefficient with horizontal polarization

rough-surface reflection coefficient

Fresnel reflection coefficient with vertical polarization

direct path or distance between phase centers of antennas

distance from first antenna to point of reflection
distance from point of reflection to second antenna

grazing angle (angle of incidence equal to angle of reflection)
equivalent grazing angle

path difference between direct and reflected waves

effective path difference between direct and reflected waves

ground parameter
complex dielectric constant
real dielectric constant

distance factor
wavelength

scattering coefficient

conductivity

edge diffraction height

root-mean-square (rms) roughness height



T mode number, n=1, 2, 3, ...

n
® reflection-coefficient phase angle

o] reflected-wave phase lag

o} modified reflected-wave phase lag with curvature effects

An arrow above a symbol means that the symbol is a phasor (complex number).
SMOOTH-SURFACE EFFECTS

Before showing the smooth-surface effects on transmission loss, the free-space
loss Lo is defined in equation (1) as the ratio of the power received to the power

transmitted, with two isotropic antennas. The free-space loss is not a dissipative
loss, but rather a measure of the dispersion of the spherical wave.

E‘o 2 22 o2
Lo=\z) 27 2 (1)
Et (47d)” (4ndf)

where ?\2/ 47 is the effective area of an isotropic antenna, and 47Td2 is the surface
area of a sphere at a distance d. The free-space loss is plotted in figure 1 for the
astronaut transmit frequency of 259. 7 megahertz. The following observations relating
the free-space loss with wavelength and distance may be inferred from equation (1):

1. At a distance of one wavelength (d = X), the free~space loss is (1/417)2 or
-22 decibels.

2. I the distance is increased by 10 feet, the signal decreases by 20 decibels,
to result in a -20-dB/decade slope (1%12).

In figure 1, the transmission loss for the 259. 7-megahertz frequency is -22 dec-
ibels at 3.8 feet (one wavelength). At 38 feet, the loss is -42 decibels, and at 380 feet,
the loss is -62 decibels. The free-space loss at the 279. 0-megahertz frequency is
0.62 decibel greater than that at the 259. 7-megahertz frequency.

Geometric Optics for a Plane Surface
The free-space loss is used to calculate the maximum range for land-to-air

communications; however, when both the receiving and the transmitting antennas are
located near a large body such as the earth or the moon, the free-space loss must be



modified to include sﬁrface effects. Such a modification is obtained by using the geo-
metric optics model for a plane surface (fig. 2). The modified received electric field

Er is composed of a direct field Eo that would be received under free-space condi-

tions, plus a reflected field that comes from the surface. The geometric optics equa-
tion for a plane dielectric surface is

5 _E LB IRl \?
E =E + E0|R| (r1 = rz)e (2)

where ¢ =@ + % 5; R is the complex reflection (Fresnel) coefficient; ¢ is the
phase lag obtained from the path difference and the reflection coefficient; & is the
path difference, which is always negative and is defined by r - (r1 + r2) ; @ is the

phase angle of the reflection coefficient and is always negative for a phase lag; and
iy / (rl + r2) is the amplitude reduction that results from the longer path length of the

reflected field.

Using Euler's identity and the double-angle formula, equation (2) may be re-
written and expressed as the multipath loss factor

= \2

2
r fmang r
O A S el
(0]

= r 2 ¢
+4|R| (ﬁ)cos 5 (3)

—

The total transmission loss may be obtained by multiplying the free-space loss and
multipath loss factor such that

E_\’
Ly =Ll =\ = (4)
BE
t
or in decibels
10 log oLy = 10 log, gL + 10 logmme (5)

Using decibel notation, the free-space loss is added to the multipath loss (or gain).



The Fresnel reflection coefficient from equation (3) may be expressed as (ref. 2)

- . ’—- 2
- € siny - € -COS VY - )
Ry=—— " - =|R]¢ (6)
v o — ) v

EC s Y + Ec - COS 7

for vertical polarization, and may be expressed as

. 2
sin y - € =-COS VY .
_ P (7)

o
[
pov!

sin ¥ + ec-cosy

for horizontal polarization. In equations (6) and (7), ?c is the complex dielectric

constant given by
€, =€, - j60or (8)

where €. is the real dielectric constant, ¢ is the conductivity, and A is the wave-
length. The reflection coefficient versus grazing angle is plotted in figure 3 for dielec-

tric constants of 1.4 and 4. 0, with conductivities of 10-5 mhos/m and 10_3 mhos/m
and with vertical polarization. At near-grazing angles or long distances, the re-

flection coefficient approaches -1 (or |ﬁ| =1and ¢ = -180 °). Using the previous
approximation and assuming the direct and reflected paths are equal (that is,
1/ (rl + rz) ~ 1) , the multipath equation may be simplified to

L =4 sinz(—l- 2 6) (9)

where the path difference is

5 = Ez + (hy - hz)ﬂl/z - Ez +(hy+ hz)z:ll/z (10)




For longer distances, the antenna heights h1 and h2 are much less than the dis-
tance d, and equation (10) becomes

(11)

Using equation (11) in equation (9), the long-distance multipath approximation becomes

h.h
o 2far ™ 2)
me—4s1n <_7\—_d_ (12)

In equation (12), the multipath loss varies at the rate of -20 dB/decade of distance
(l/dz) when the path difference is less than 20°; thus, the total transmission loss L

t
varies at the rate of ~40 dB/decade of distance (1/d%).
The total phase lag of the reflected wave is given as
o= 4 2}\—77 ) (13)

The phase contributions from the reflection coefficient and the path difference are both
negative, corresponding to a lag in the reflected wave.
Geometric Optics for a Curved Surface
In figure 4, the effect of changing the geometry from that of a plane-surface

model to that of a curved-surface model is shown. A new expression for the received
field may be written as follows:

E =E +EDIR (L)ej(p' (14)
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The divergence factor D ranges from 1 at short distances to zero at the limit of the
line of sight, and the reflected field is reduced to zero at the line of sight. The diver-

gence factor is (ref. 5)
[ 2r r,d ]‘1/ 2
D = 1 + (] [ (15)
ka (rl + rz) (h1 + h2)

where a is the body radius and k is the index of refraction of the atmosphere, which
is assumed to be 1 for the moon. The modified phase lag ¢' is obtained by using the
equivalent antenna heights hi and hz' (fig. 4).

d12

L - —
hy=hy- 25, (16)

d22

The equivalent antenna heights are essentially unaffected at shorter distances; however,
as the line of sight is approached, the equivalent heights approach zero. The effective
phase lag, which is modified by the curvature, is now

¢v=q>+2k_”5'

or

2h'h/!
' _ 21 172
¢ -‘I"T<—d—> (18)

The grazing angle used to determine ® must also be modified such that

h! + h!
Yy = sin'1<—1-a—3) (19)




The multipath expression with the curved-surface model becomes

2
Lo = [1- DIRI (2| + 4D IRI (2 eos?(
mp ry+ 7T, Ty + 7T

At shorter distances, the curved-surface model gives results that are similar to
the results for the plane-surface model; however, as the line of sight is approached,
the divergence approaches zero, and the received field becomes the same as free
space. If the divergence is neglected, then cancellation of the direct and reflected
fields takes place, and the received field approaches zero.

¢') (20)

D] =

Bremmer Series

At distances near the line of sight, the geometric optics solutions do not apply,
and the effect of diffraction needs to be considered. The diffraction around a smooth
sphere is described by the Bremmer series solution as follows (ref. 2):

o 'anc
lﬁr‘ = Z‘Eo‘ (2WC)1/2 Zg:i-h}rnfn (hl)fn(hZ) (21)
n=1

The Bremmer loss factor LB may be compared with the power received over free

space as follows:

Lp=\z=) =892 oo fa(by)h(h) (22)

where 0' is the ground parameter, € is the distance factor, T is the mode
number, and fn(h) is the height-gain function. The following are the parameters

of equation (22):

1. The ground parameter is

2/3/€ -1
27ka, c
5" =( L ) = (23)
(]



for vertical polarization, and

5t = (zgka)Z/s(Zc - 1) (24)

for horizontal polarization, where ka is the effective radius.

2. The distance factor is

1/3
§=< 2 2) a (25)
Mka)

3. The mode numbers are presented in the following table in which 6" =0 is
used for the perfect-conductivity cases and 6'' - « is used for dielectric cases at
short wavelengths (ref. 2).

6” - 0 o 6" _._oo B )
2 0. 885¢37/3 1. 856¢717/3
T 2. 5776 37/3 3. 245¢7/3
Ty 3. 824¢737/3 4. 382¢737/3
2/3 . 2/3 .
- 1 3 -j7 /3 1[: ( 1)] -j7 /3
TR =4 5[3”(“1)] e | 7 [37\n + 3 e

4. The height-gain function (for h < 3O>\2/3> is

f(h) = 1 + j(zzh) 'Ec___ : (26)
€
C
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for vertical polarization, and

f(h) = 1 + j(zi)\hﬂé‘c -1 (27

for horizontal polarization. Equations (1), (20), and (22) for Lo’ L__, and LB,

mp
respectively, are plotted in figure 5 with the use of a computer program to show the
transmission loss as a function of distance.

For the astronaut-to-lunar-module range (fig.- 5(a)), the geometric optics solu-
tion and the first seven terms of the Bremmer series solution give essentially the same
results for distances between 300 and 5000 feet. At distances of less than 5000 feet,
the geometric optics solution may be applied, and at distances beyond 3000 feet, the
Bremmer series solution may be applied. The dielectric-constant and conductivity
variations do not have a significant effect on transmission loss at the maximum ranges
at very high frequencies. At lower frequencies, the ground conductivity becomes much
more important (refs. 6 to 8).

ROUGH-SURFACE EFFECTS

The smooth-surface transmission loss as described in the previous section may
be used to make a reasonable estimation of the worst-case transmission loss on the
surface of the moon; however, a more refined estimation may be obtained by consider-
ing the effects on roughness. The factors considered in this section are scattering,
edge diffraction, and small-hill effects. In general, the transmission loss for a ran-
domly rough surface tends to be less than the transmission loss for a smooth surface
because of the breakup of the reflected wave by the surface roughness.

Scattering

Scattering modifies the reflection coefficient such that the rough-surface reflec-
tion coefficient may be expressed in terms of the rms roughness Grms and the effec-

tive grazing angle 7', as follows (ref. 5):
|Rg| = | Rl (28)

where

2 47wrms ?
o) - ensf 2 s

which is the scattering coefficient.
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For the relatively low astronaut and lunar-module antenna heights, the rms
roughness has to be much larger than the antenna heights in order to have a scattering
coefficient significantly less than 1 at distances greater than 250 feet. As a result, the
normal scattering does not occur,. but rather a multiple edge diffraction phenomenon
takes place. If the Rayleigh roughness criterion is applied for the astronaut-to-lunar-
module link, it is found that an rms roughness of 170 feet is required at a distance of
10.000 feet. At 1000 feet, the rms roughness is 17 feet. However, in either case, the
astronaut antenna at a height of 6 feet would not have a clear line-of-sight path, and
multiple knife-edge diffraction would occur.

Knife-Edge Diffraction

If the roughness is sufficiently large to block the line-of-sight path, the radio
wave will propagate over the edges of the roughness. For the case when a steep hill, a
rock, or a ridge is located between the two astronauts or between the astronaut and the
lunar module, the edge diffraction loss may be expressed in decibels as (ref. 4)

%h

)\dldz

d1+d2

= - - 30
10 10g10Led = -20 log10 16 (30)

From figure 6(a), it is seen that o is the height of the knife edge, and d1 and d2

are the distances along the surface to the knife edge. Equation (25) is valid when

ad.d

172 . . .
op > W and A << 0 < d1/10 or A << o < d2/10. The knife-edge diffraction is

plotted in figure 6(b) for obstacle heights ranging between 10 and 400 feet for the
astronaut-to-lunar-module link. In figure 6(b), the transmission loss is not as great
as in the free-space case because the multipath cancellation does not take place. The
standard edge diffraction equation does not apply when the rough edge is close to either
the astronaut or the lunar module. In this case, losses greater than smooth-surface
losses may occur. The calculation of this loss is not discussed in this report; how-
ever, it is known to extend to 50 decibels (ref. 4).

Small-Hill Effect

The small-hill effect is considered by changing the radius of the moon from 1738
to 173. 8 kilometers and plotting the transmission loss in figure 7 for the astronaut-to-
lunar-module link. The effect of changing the radius is not significant, except near and
beyond the line of sight. At distances beyond 5000 feet, the small-hill loss begins to
limit the astronaut's range from the lunar module. The Bremmer series solution is
used to determine the loss near the line of sight.

12



COMBINED EFFECTS — MEASUREMENTS

The combined effects for the smooth curved-surface model and the roughness
effects are shown in figure 8 for the astronaut-to-lunar-module link. The transmission
loss has a wide range of values with all effects considered. The maximum range is
achieved when the free-space loss occurs and the minimum range corresponds to the
smooth-surface loss. The probability of achieving a particular maximum range is a
function of the electrical surface and its roughness. For a smooth surface, the trans-
mission loss will fall close to the values predicted in the smooth-surface model. As
roughness effects are encountered, the astronaut range may be increased by as much as
10 over the smooth-surface conditions. It is doubtful that the conditions will be proper
for this increase to occur.

In order to verify the theoretical equations of this paper, extensive measurements
were taken to determine practical values for the transmission loss between two Apollo
astronauts and between an astronaut and the lunar module. Data for the astronaut
standing, bending over, and lying face down on the ground were taken in the vicinity of
the antenna range at building 14 of the NASA Manned Spacecraft Center. Four orienta-
tions were used to include the effects of astronaut antenna pattern in the transmission
loss curves.

The test setup and results of the data are shown in figures 9 to 11. The trans-
mission loss is no greater than the theoretical smooth-surface values. At the range
of 7000 feet, the astronaut stood on a 6-foot hill and also stood in a 6-foot gully. Even
in the 6-foot gully, the loss was no greater than that predicted by the smooth-surface
model. As the astronaut bent over and lay down, the losses of up to 25 decibels over
the standing position occurred; however, for most of the time the additional loss was on
the order of 12 decibels. The transmission loss in figures 10 and 11 includes the varia-
tional effects on the antenna pattern, and data points are taken for four positions.

CONCLUSIONS

The results of the theoretical study and the measured data show that the roughness
could easily double the maximum range, which is predicted on the basis of a smooth-
surface model. For smooth-surface conditions with the newest astronaut transmitter of
0. 5-watt output and 119-decibel loss between antenna terminals, the astronaut will be
able to walk to a distance of 8200 feet and still communicate with the lunar module. In
the bent-over or lying-down position, the range will normally be limited to 4100 feet.
For the astronaut-to-astronaut link with the specified 128-decibel loss between antenna
terminals, the standing range is 6000 feet, and the lying-down or bending-over range
will normally be limited to 3000 feet. With the effects of roughness on the lunar surface
considered, these smooth-surface ranges could easily be doubled. If the maximum pre-
dicted range had been close to the limit of the line of sight, then the conclusion of dou-
bling the range could not be reached since roughness effects are not important beyond
the line-of-sight limit. The previously mentioned nominal ranges are based on antenna
pattern and cable losses of 3 decibels for the astronaut portable life-support-system
monopole antenna and 2 decibels for the lunar-module extravehicular-activity antenna.
For a worst-case condition with an additional 6 decibels of loss added for antenna

13



pattern effects, the astronaut-to-lunar-module range is reduced to 6300 feet, and the
astronaut-to-astronaut range is reduced to 4500 feet. For the worst-case condition of
one astronaut bending over or lying down, the astronaut-to-lunar-module range is
reduced to 1950 feet, and the astronaut-to-astronaut range is reduced to 1400 feet.
The conditions for the ranges utilize a 119-decibel loss between the antenna termi-
nal of the back transmitter and the antenna terminal of the lunar-module receiver.
Also, a 128-decibel loss is used between the antenna terminals of the two astronaut
transceivers.

Manned Spacecraft Center
National Aeronautics and Space Administration
Houston, Texas, August 23, 1968
914-50-50-09-"72
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Figure 4. - Curved-surface model.
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(b) Transmission loss for astronaut-to-lunar-module link.

Figure 7. - Small-hill effects.
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Figure 8. - Combined effects for the curved-surface model and
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Figure 10. - Astronaut-to-lunar-module link with astronaut standing.
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Figure 11. - Astronaut-to-astronaut link with astronaut standing.
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