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RECOMMENDATION ITU-R P.2170-0

Propagation characteristics and prediction methods required
for lunar radiocommunication

Question ITU-R 237/3
(2025)

Scope

This Recommendation provides methods that predict the attenuation relative to free-space! and other radio-
wave propagation characteristics described in Parts C and D of the Annex, needed for planning networks and
systems operating on or near the lunar surface in the frequency range from 1 MHz to 37 GHz2.

Keywords
Exosphere, regolith, bedrock, irregular lunar model (ILM)

Acronyms/Abbreviations/Glossary

LoS  line-of-sight

Related ITU-R Recommendations

Recommendation ITU-R P.341 — The concept of transmission loss for radio links
Recommendation ITU-R P.525 — Calculation of free-space attenuation

Recommendation ITU-R P.618 — Propagation data and prediction methods required for the design of Earth-
space telecommunication systems

NOTE — The latest edition of the Recommendation in force should be used.

The ITU Radiocommunication Assembly,

considering

a) that the lunar environment interacting with radio waves includes the lunar exosphere,
regolith, and bedrock;

b) that, at frequencies above the exosphere plasma frequency, a maximum of approximately
220 kHz at the lunar surface, the lunar exosphere can be treated as free space;

c) that the characteristics of the complex relative permittivity of the lunar regolith and lunar
bedrock is needed in characterizing several radio-wave propagation mechanisms in the lunar
environment;

d) that radio-wave propagation in the lunar environment is needed in characterizing several
radio-wave propagation mechanisms, including diffraction, reflection and scattering;

1 Basic transmission loss defined in § 1.2 of Recommendation ITU-R P.341 is the sum of: a) attenuation
relative to free-space in this Recommendation, and b) free-space basic transmission loss defined in
Recommendation ITU-R P.525.

2 See §§C.1.5and C.1.6.
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e) that radio-wave propagation in the lunar environment can be characterized by the attenuation

statistics relative to free-space;

¥, that the propagation characteristics of lunar point-to-area and point-to-point systems are
necessary elements for radio-wave propagation prediction in the lunar environment,

recommends

that the Annex to this Recommendation should be considered to predict statistics of the attenuation
relative to free-space for point-to-area and point-to-point systems operating on or near the lunar

surface in the frequency range from 1 MHz to 37 GHz3.
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Introduction

This Annex is divided into the following four Parts:

— Part A: The Irregular Lunar Model (ILM): Point-to-area mode
— Part B: The Irregular Lunar Model (ILM): Point-to-point mode
— Part C: Electrical characteristics of the surface of the Moon

— Part D: Prediction of free-space propagation loss

The ILM predicts the median and statistical attenuation for point-to-area and point-to-point links on
or near the lunar surface. The ‘point-to-area mode’ prediction method predicts the path attenuation
between a transmitter and receiver over a specific area using statistical or general terrain
characteristics. The ‘point-to-point mode’ prediction method predicts the path attenuation between
specific transmitter and receiver locations using specific detailed terrain data and characteristics. In
both cases, the transmit and receive antennas are assumed to be lossless linearly polarized (horizontal
or vertical) isotropic antennas, and the receive antenna is assumed to be matched to the polarization
of the incident signal. Depending on the antenna beamwidth and distance, the attenuation for systems
with narrowbeam antennas may not be within the scope of this Recommendation. The attenuation for
systems with circularly polarized antennas is not within the scope of this Recommendation.

Equation (a-18) calculates the median path attenuation for the point-to-area mode as a function of
distance, and equation (b-16) calculates the median path attenuation for the point-to-point mode as a
function of distance.

The attenuation relative to free-space that is not exceeded for the fraction of the area of interest for
the point-to-area mode is calculated in § A.1.7, and the attenuation relative to free-space that is not
exceeded for the fraction of equivalent terrain profiles for the point-to-point mode is calculated in
§ B.1.7. The function A, ¢ (p) in the main function that predicts the attenuation relative to free-space.
Other functions, such as Ag;rr(s), with an argument of s are referenced by A,.r(p) with the
appropriate argument.

The propagation loss between: a) systems on or near the lunar surface and systems in lunar orbit, and

b) systems on or near the lunar surface and systems orbiting the Earth, where the line-of-sight path is
unobstructed and there are no surface reflections is specified in § B.1.
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PART A
The Irregular Lunar Model (ILM): Point-to-area mode

Al Introduction

The Irregular Lunar Model (ILM) point-to-area mode is a general-purpose radio propagation
prediction method that predicts A, (p), the attenuation relative to free-space that is not exceeded for

the fraction of the area of interest, p (0 < p < 1), for lunar radio systems in the frequency in range
from 20 MHz to 37 GHz.

The input parameters for the ILM point-to-area mode are shown in Table 1.

TABLE 1

Irregular lunar model input parameters for the point-to-area mode

f Frequency (MHz)
d Horizontal smooth surface distance between the terminals (m); 500 km > d > 0.5 km
p Fraction of locations (0 < p < 1)
h91’h92 Terminals’ antenna structural (i.e. electrical centre) heights above a sphere of radius
1737400 m; 0.5 m < hgX < 3 km, where the elevation angle from the antenna to the
horizon < 200 mrad.
Ah Terrain irregularity (m)
Zg Surface transfer impedance of the lunar surface (regolith)
P; Elevation angle from terminal to terminal
Thot Transmit polarization (e.g. horizontal or vertical)

Calculate the wavenumber, &, from the frequency, f, as follows:

=2 _ 2 -1 -
k="=="(m™) (a-1)

where the speed of light in vacuum, ¢ = 299 792 458 m/s. Since the units of frequency, f, are MHz,
the wavenumber, k, is:

k=% (m™) (a-2)

where f, = 47.713 451 59 MHz-m.

The physical radius of the Moon, a,, is 1 737 400 m, and the effective curvature of the Moon, vy,, is
~m,

Qe

The surface transfer impedance of the lunar surface (regolith), Z,, is a complex, dimensionless
constant which depends on the relative permittivity of the lunar surface, €, = €' + i €”. The relative
permittivity should be calculated as a representative value considering the path profile. In the absence
of a representative value, the value at the mid-point of the path should be used. If the local mineral
content of TiO2 and FeO are known, the prediction method in Part C can be used. In the absence of
local data, the real part of the surface relative permittivity, €', can be assumed to be 2.0. The real part
of the relative permittivity of the lunar atmosphere, €', can be assumed to be 1.0 for frequencies within
the range of this model.
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The polarization of the radio signal’s electric field vector, Ty, (i.e. horizontal, which is defined as

perpendicular to the plane of incidence at the ground reflection point, or vertical, which is defined as
parallel to the plane of incidence at the ground reflection point).

At the elevation angle J;, polarization p, the regolith surface transfer impedance can be written as:

1-RE(W)) . _

= {#g(wi)} siny;, Ty =v,h (a-3)
For a homogeneous regolith, the reflection coefficients Rgml(tpi) in equation (a-3) can be replaced
by the corresponding Fresnel reflection coefficients of:

£ sinP;— /g—cos2 ;

T : l'IJL T "I"l’ Tpol — v
grsin Y+ /g,—cos? |;

sin Y;— \/g,—cos2 {s;

in i~ Ver—cos” by Toor = h
sin Y+ /er—cos? P;

ReP (W) = (a-4)

Leading to:
JE&r—cos? y; T

) ol =

Zg = &r p (a-S)
Ver —cos2;,  Tpo=h

At near grazing incidence, y;~ 0;, Z; can be approximated as follows:

‘/sr—1, Tpot = v
Z;= &r (a-6)

& — 1, Tpol =h

There are two cases for terminal siting: 1) mobile terminals, and 2) fixed terminals.

If the local lunar terrain topography is known, the terrain irregularity parameter, Ah, for a set of
representative paths between the transmit antenna and representative receive antennas can be
determined as follows.

For each representative path:

1) for a line-of-sight path, determine d;y porizon (M), the distance from the transmit antenna
electric centre to the horizon defined by the line-of-sight from the transmit antenna electrical
centre to the receive antenna electrical centre; and for a non-line-of-sight path, determine
dtx norizon (M), the distance from the transmit antenna electric centre to the horizon defined
by the intersection of a) line-of-sight from the transmit antenna electrical centre to the receive
antenna electrical centre and b) the intervening obstacle;

2) for a line-of-sight path, determine d,, norizon (M), the distance from the receive antenna
electric centre to the horizon defined by the line-of-sight from the receive antenna electrical
centre to the transmit antenna electrical centre; and for a non-line-of-sight path, determine
drx horizon (M), the distance from the receive antenna electric centre to the horizon defined
by the intersection of a) line-of-sight from the receive antenna electrical centre to the transmit
antenna electrical centre and b) the intervening obstacle;

3) determine the elevation of the lunar surface relative to a sphere of radius 1 737 400 m at a set
of equidistant points on the lunar surface along the path from transmit antenna to the receive
antenna excluding the region of radius min(15 hg,,0.1 dtx,,wrizon) m around the transmit

antenna and the region of radius min(15 hg,,0.1 drx‘horizon) m around the receive antenna;

4) calculate d,, = d — min(15 hy_, 0.1 dyy norizon) — Min(15 Ry, 0.1 dyx horizon);

5) perform a linear least-squares fit to the set of equidistant points along the path of length d,;
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6) calculate the residual differences between the set of equidistant points along the path of length
d, and the linear least squares fit;

7) sort the set of residual differences in ascending or descending order;

8) delete the top 10% and the bottom 10% of the sorted set of differences;

9) Ah(d,) is equal to the difference between the maximum and minimum values of the sorted
residual differences;

10) then, Ah for each representative path is: Ah = L’C)dx (m).

(1—0.8 e 5><104>

The net Ah is the average Ah for the set of representative paths.

In the absence of local lunar topographic data, a suggested value from Table 2 can be assumed.

TABLE 2

Suggested values for the lunar terrain irregularity parameter, Ah (m)

Lunar surface Ah (m)
Smooth 0-1 500
Average crater field 1 500-3 500
Major crater field 3 500-5 000
Extremely rugged crater field > 5000

For an average lunar surface, use Ah = 3 000 m.

A.1.1 Preparatory calculations

Define the transmit terminal as j = 1 and the receive terminal as j = 2. If a terminal is a mobile

terminal, then:

hej = hgj (m) forj=1,2

and, if the terminal is a fixed terminal:
B; =10 (m) forj=1,2

in which case,

hg .
B] = (Bj — 1) sin (gmin (%, 1)) +1

BJf = B; if hgj > 5 m. The effective height of the j terminal, hej(j = 1 or 2), is then:

2hg

J
— P v -
hej—hgj+Bje Ah for j=1,2
Calculate the smooth lunar horizon distances, dlsj:

dis; = |2he;a, for j = 1,2 (m)

Then, the terminals’ radio horizon distances, d; ., and elevation angles, 0, .4, are:
Lj €j

4 The units of angles, 0, in this Part are radians.

(a-7)

(a-8)

(a-9)

(a-10)

(a-11)



Rec. ITU-R P.2170-0 7

Ah

-0.07
dy; = d;e maxheis) o j=1,2(m) (a-12)
and
2he +0.65AR(d;s./d;.—1
0, = _Leney dl( /7] forj=1,2 (a-13)
Sj

The combined smooth lunar radio horizon distance, d;s, the combined irregular terrain radio horizon
distance, d;, and the combined irregular terrain radio horizon elevation angles, 6,, are then:

dis = dlsl + dlsz (a-14)
dl = dll + dlz (3-15)
0, = max(6,, + 6., —d;ve) (a-16)

and Ah(s), which is a function of distance, s, is:
Ah(s) = Ah (1 ~08 e‘—sx1o4) (m) (a-17)

A.1.2 Reference attenuation
The reference attenuation, Ay, is the predicted median attenuation relative to free-space that would
be observed on similar paths. A, is the following piecewise function of path horizontal distance, d:

d
A K K, In(— f <
Arop(d) = max [O, e+ Kid+K,In (dls)] ord < d (dB) (a-18)

Aed + mdd ford > dlS
where A,; is defined in equation (a-76), A.4 1s defined in equation (a-25), and the coefficients K,
K,, and m, are calculated in the following sections. The range d < d, is defined as the line-of-sight
range, and the range d = d;, is defined as the diffraction range. Note that A,.f is continuous at
d = dls'

A.1.3 Coefficients for the diffraction range

The coefficients for the diffraction range are calculated by evaluating the diffraction attenuation,
Aqifr(d), at two distances, d3 and d,, which are beyond line-of-sight. Calculate:

d; = max(d;, d; + 1.3787X4.) (a-19)
dy =dz +2.7574X 4, (a-20)
Az = Adiff(ds) (a-21)
Ay = Agisr(dy) (a-22)
where:
Xee = (YD) = a, (2";‘6)_% (a-23)

and the function Ag;¢r is defined in equation (a-26).

The parameters m, and A,4 are:

_ Ag—A3 dB )
Aeq = Az — mgdy = 232 (dB) (a-25)

dy—ds
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A.1.4 Diffraction attenuation function

The diffraction attenuation function, Ag;rr(s), is a weighted combination of the ‘double knife-edge’
attenuation, Ay (s), and “rounded lunar” diffraction attenuation, A, (s):

Aairr(8) = (1 = w(s))Ar(s) + w(s)A(s) (dB) (a-26)

Ay (s) is defined in equation (a-29), A,.(s) is defined in equation (a-41), and the weighting factor,
w(s), is defined as:
1

W(S) = m (3-27)
where:
_ . Ah(s) he he,+C di+ag0,
Q(s) = m1n ,1 000 [ g g, +C l (a-28)
and C =0.

The median ‘double knife-edge’ diffraction attenuation for the two irregular lunar radio horizons,
Ay (s), is:

Ai(s) = Fn(vl (s)) + Fn(vz (s)) (dB) (a-29)

where:
Fn(z) = =20logyo (| =1, e® i “dul ) (a-30)
= —20logy, ([Zrerfc( (11— L')Z)D (a-31)
= —ZOlog10 1+l \/7(1 - L)Z (a-32)
vi(s) = 22 % forj = 1,2 (a-33)

and:

0(s) =0, + sy, (a-34)

The ‘rounded-lunar’ diffraction attenuation is based on a ‘three radii’ method applied to the solution
of the smooth spherical diffraction problem. Calculate v, y; and y, as follows:

0(s)
T, = S_Z , (a-35)
2he; .
V= dﬁ] forj=1,2 (a-36)
Set:
1
A = (5)3 forj = 0,1,2 (2-37)
]
and:
Kj = — forj =0,1,2 (a-38)
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Define the dimensionless distances:
Xg = AB(K()) (0 8} G(S) + X1 + Xy (3-39)
and:

Xj = AB(K]-) o Yj dlj forj=1,2 (a-40)
where A = 63.798. Note that only x, depends on s. The ‘rounded-lunar’ diffraction attenuation,
A, (s), is:

Ar(s) = G(xo) — F(x1,Ky) — F(x2,K3) — C1(Kp) (a-41)
where the functions G (x), F(x,K), C;(K) and B(K) are defined in § A.2.

A.1.5 Coefficients for the line-of-sight range
Set:
d, = di (a-42)
and:
Ay, = Apg + myd, (dB) (a-43)
There are two general cases, depending upon the sign of A,.

Case1:If A4 = 0, set:

do = min (£, 1.908kh,, h, ) (a-44)
dy=2do+% (a-45)
Ay = Ayos(dy) (dB) (a-46)
Ay = Ajps (dl) (dB) (3'47)
Calculate:
/ (A1—Ap)(dy—dg)—(A3—Ap)(d1—do)
K; = max| 0, a-48
2 ( (dz—do)ln(z—;)—(dl—do)ln(g—i) ) (2-48)
and:
| Ay—Ao—Kj 1n(3—(2))
Kl = T (3-49)
If K] > 0, set:
K, = K| (a-50)
KZ = KZI (3‘51)
however, if K{ < 0, set:
" Az—Ap
Ky =2 (a-52)
ln(d—i)
IfK; >0, set:
K, =0 (a-53)

K, =K} (a-54)
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However, if K;,' < 0, set:

Case2:If A4 < 0, set:

Ifdy < dy, set:

and:

If K; # 0, calculate:

If K{ > 0, set:

IfK{ <0, set:

If K, > 0, then:

If K, < 0, then:

Ifdy = d; or K; = 0, then:

If K{' > 0, then:

Otherwise, set:

Rec. ITU-R P.2170-0

K1=md
K, =0

do = 1.908kh,_ h,,

Aog d
d; = max (—Ld,—’)
myg 4

Ay = Alos(do) (dB)
Ay = Alos(dl) (dB)
/ (A1-Ap)(dy—do)—(Az—Ap)(d1—dg)
K; = max| 0,
2 ( (dz—do)ln(g—;)—(dl—do)ln(g—z) )

Ay—Ag—K) ln(d—z)
Kl = — %
1~ _
dz—dg

K1=K1,
K2:K2,

K1=md

K, =0

Ay = Ajs(dy) (dB)

A A
K 2741
1 dy—d
2701

K]_:K{,
K2=0

K1=md

(a-55)
(a-56)

(a-57)

(a-58)

(a-59)
(a-60)

(a-61)

(a-62)

(a-63)
(a-64)

(a-65)

(a-66)
(a-67)

(a-68)
(a-69)

(a-70)
(a-71)

(a-72)
(a-73)

(a-74)
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K, =0 (a-75)
Finally, set:
Agy = A; — Kid, (dB) (a-76)

A.1.6 The line-of-sight range attenuation function

The line-of-sight range attenuation function, A;,s(s), is the weighted combination of the
‘extrapolated/extended diffraction range’ attenuation, A,4(s), and the ‘two-ray’ attenuation, A, (s):

Ajps(s) = (1 —w)Au(s) + wAi(s) (dB) (a-77)
A4 (s) is defined in equation (a-79), A;(s) is defined in equation (a-86), and the weighting function,
w, is:

1
w = — D kAR (3-78)

max(Dp,dg)

where D; = 47.7 m, and D, = 10 km. The ‘extended diffraction range’ attenuation is:

Ad(S) = Aed + muS (dB) (3-79)
For the “two-ray” attenuation, set:
sin(s) = —atie (a-80)
s2+(he,+he,)
and:
’ _ SInW()~Zg g, (s) sin Y(s)
Re(s) = sinYi(s)+Zg € " (a-81)
where:
4
AR(s) _ARK)
on(s) =T e 2 (a-82)
Set:
N(s) = 25t (a-83)
The effective reflection coefficient, R, (s), is:
R.(s) for |R,'(s)| = max(0.5,/sin Y(s))
Re(s) = Re'S) [sin P(s) otherwise (a-84)
[Re!(s)]
The phase difference, 6(s), is:
&' (s) for §'®) < g
A(s) = () (a-85)
m— 22 otherwise
8'(s)

The ‘two-ray’ attenuation, A.(s), is then:

A(s) = —201ogyo|1 + R.(5)ei®®] (dB) (a-86)
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A.1.7 Location variability

Acr(p), the attenuation relative to free-space that is not exceeded for the fraction of the area of
interest, p (0 < p < 1) is calculated as follows:

Calculate Ah(d), o, and z as follows, where d is the entire path length:

Ah(d) = Ah (1 -0.8 e_sxdﬁ> (a-87)
¥ =10 k% (a-88)
z=Q (p) (a-89)
where d is the entire path length.
Then:
Aref(p) = Ares toz (dB) (2-90)

A2 Functions G(x), F(x,K), C{(K) and B(K)

F,(x,K) for 0 < x <200
F(x,K) =46(x) + 0.013xe_2§o[F1(x) — G(x)] for 200 < x <2000 (a-91)
G(x) forx > 2000
where:
G(x) = 0.05751 x — 101logqo x (a-92)
Fi(x) = 40log;o(max(x, 1)) — 117 (a-93)
F;(x) for |[K| < 107> or x (—log;,|K|)?® > 450
Fa(x K) = 2.5x 10|_K5|xz + 201log,o(|K]) — 15 otherwise (a-94)
¢, (K) = 20 (a-95)

B(K) = 1.607 — |K]| (a-96)
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PART B
The irregular lunar model (ILM): Point-to-point mode

B.1 Introduction

The Irregular Lunar Model (ILM) point-to-point mode is a general-purpose radio-wave propagation
prediction method that predicts A, (p), the attenuation relative to free-space that is not exceeded for

the fraction of equivalent terrain profiles, p (0 < p < 1), for lunar radio systems in the frequency in
range from 20 MHz to 37 GHz.

The input parameters for the ILM point-to-point mode are shown in Table 3.

TABLE 3

Irregular lunar model input parameters for the point-to-point mode

f Frequency (MHz).
h; Vector of uniformly-spaced horizontal distances between terminals (m); h; < 100 m.
Min/max smooth surface distance between terminals 500 km > d > 0.1 km
D Fraction of locations (0 < p < 1)
h91’h92 Terminals’ antenna structural (i.e. electrical centre) heights above a sphere of radius
1737400 m; 0.5 m < hgx < 3 km, where the elevation angle from the antenna to the
horizon < 200 mrad
h; Lunar terrain elevations at uniformly-space horizontal distances between terminals (m)
Great circle distance between the transmit and receive terminals
Zg Surface transfer impedance of the lunar surface (regolith)
W; Elevation angle from terminal to terminal
Thot Transmit polarization (e.g. horizontal or vertical)

Calculate the wavenumber, &, from the frequency, f, as follows:

=2 _ 2 -1 ;
k=—==— (m™) (b-1)

where the speed of light in a vacuum, ¢ = 299 792 458 m/s. Since the units of frequency, f, are
MHz, the wavenumber, k, is:
k=L (m™) (b-2)

fo

where fo = 47.713 451 59 MHz-m.

The physical radius of the Moon, a,, is 1 737 400 m, and the effective curvature of the Moon, y,, is
LR |

—m".

Qe

The surface transfer impedance of the lunar surface (regolith), Z,, is a complex, dimensionless
constant which depends on the relative permittivity of the lunar surface, €, = €' + i €”. The relative
permittivity should be calculated as a representative value considering the path profile. In the absence
of a representative value, the value at the mid-point of the path should be used. If the local mineral
content of TiO; and FeO are known, the prediction method in Part B can be used. In the absence of
local data, the real part of the surface relative permittivity, €', can be assumed to be 2.0. The real part
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of the relative permittivity of the lunar atmosphere, €', can be assumed to be 1.0 for frequencies within
the range of this model.

The polarization of the radio signal’s electric field vector, T,;, (i.€. horizontal, which is defined as
perpendicular to the plane of incidence at the ground reflection point, or vertical, which is defined as
parallel to the plane of incidence at the ground reflection point). The surface transfer impedance of
the lunar surface, Z, is:

At the elevation angle ;, polarization p, regolith surface transfer impedance can be written as:

1-REW)) . _
g = {#g(w} Sin ll]i, Tpol = v,h (b-3)

For a homogeneous regolith, the reflection coefficients Rgpm (P;)’s in equation (a-3) can be replaced

by the corresponding Fresnel reflection coefficients of:

grsinY;—/g—cosZ {;

T : lIJl T l'I"l, Tpol - v
grsin Y+ /g,—cos? |; (b 4)
sinyr;— \/er—cos? P;

. ) Tpol == h

siny;+ \/er—cos? P;

R (W) =

Leading to:
JE&r—cos? y; T

, =v
Y= Er pol (b_S)

Ver —cos?;,  Tpo=h

At near grazing incidence y;~ 0;, Z; can be approximated as follows:

4/ sr_l, Tpol =
Zg={ & (b-6)

& — 1, Tpol =h
There are two cases for terminal siting: 1) mobile terminals, and 2) fixed terminals.

The terrain irregularity parameter, Ah, for the path between the transmit and receive antennas can be
determined as follows.

FIGURE 1

Example horizon distances and angles

Transmitter or Receiver

*» Receiver or Transmitter

0 d, d, d, d,
P.2170-01
For each representative path:
1) Referring to Fig. 1, determine d;; (m) and 6,,5, the receive terminal horizon distance and

elevation angle corresponding to the d; and 6; with maximum value of 0; over all equally-
spaced points between the transmitter and receiver.

5 The units of angles, 0, in this Part are radians.
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2) Referring to Fig. 1, determine d;, (m) and 6,,, the transmit terminal horizon distance and
elevation angle corresponding to the d; and 6; with maximum value of 0; over all equally-
spaced points between the receiver and transmitter.

3) Determine the elevation of the lunar surface relative to a sphere of radius 1 737 400 m at a
set of equidistant points on the lunar surface along the path from the transmit antenna to the
receive antenna excluding the region of radius min(15 hg,,0.1 dz1) m around the transmit

antenna and the region of radius min(15 hg,,0.1 dlz) m around the receive antenna.

4) Calculate d,, = d — dj; — d5.

21

5) then, Ah for each representative path is: Ah = % (m).

1-0.8e 5x10%

B.1.1 Preparatory calculations

Define the transmit terminal as j = 1 and the receive terminal as j = 2. If a terminal is a mobile
terminal, then:

hej = hgj (m) forj=1,2 (b-7)
and, if the terminal is a fixed terminal:
B;=10 (m) forj=1,2 (b-8)
in which case,
r_ . ™ . hgj
B; = (Bj — 1) sin| - min | —*, 1)|+1 (b-9)
ij = B; if hgj > 5 m. The effective height of the j terminal, hej(/' = 1 or 2), is then:
2o
he; = hgj + Bje™ “an for j=1,2 (b-10)

Calculate the smooth lunar horizon distances, d15j5
dlsj =2heja, for j=1,2(m) (b-11)

The combined smooth lunar radio horizon distance, d;, the combined irregular terrain radio horizon
distance, d;, and the combined irregular terrain radio horizon elevation angles, 0., are then:

dis = dlsl + dlsz (b-12)
dl = dll + dlz (b-13)
0, = max(ee1 + 0, —dlye) (b-14)

and Ah(s), which is a function of distance, s, is:
Ah(s) = Ah (1 ~08 e_—sxm“) (m) (b-15)

B.1.2 Reference attenuation
The reference attenuation, A,y, is the predicted median attenuation relative to free-space that would
be observed on similar paths. A, is the following piecewise function of path horizontal distance, d:

d
0, Ay, + Kyd + Ky In (L] ford < d
Ayes(d) = max [0, A + Kad + K, n(dls)] orE=ds  (gp) (b-16)

Aed + mdd ford > dlS
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where A,; is defined in equation (b-72), A,4 is defined in equation (b-23), and the coefficients K,
K,, and m, are calculated in the following sections. The range d < d,, is defined as the line-of-sight
range, and the range d = d, is defined as the diffraction range. Note that A5 is continuous at

d= dls-
B.1.3 Coefficients for the diffraction range

The coefficients for the diffraction range are calculated by evaluating the diffraction attenuation,
Agifr(d), at two distances, d3 and d,, which are beyond line-of-sight. Calculate:

ds = max(dy, d; + 1.3787X,,) (b-17)
d, = ds + 2.7574X,, (b-18)
Az = Adiff(d3) (b-19)
Ay = Agipr(dy) (b-20)
where:
Xae = (ky2)75 = a, (z"f*")_% (b-21)

and the function A4;¢f is defined in equation (b-24).

The parameters my and A, are:

As—A dB
my = 2 () (b-22)
Aca = Ay — mgds = B0 (dB) (b-23)

B.1.4 Diffraction attenuation function

The diffraction attenuation function, A4;¢¢(s), is a weighted combination of the ‘double knife-edge’
attenuation, A (s), and ‘rounded lunar’ diffraction attenuation, A, (s):

Agirr(s) = (1= w(s))Ak(s) + w(s)A,(s) (dB) (b-24)

A (s) is defined in equation (b-27), A,-(s) is defined in equation (b-37), and the weighting factor,
w(s), is defined as:

1
w(s) = 1+0.1/Q(s) (b-25)
where:
. AR(s) he he,+C d;+ae0¢
Q(s)_mm( ) ,1000)[ TR l (b-26)
and C = 0.

The median ‘double knife-edge’ diffraction attenuation for the two irregular lunar radio horizons,
Ay (s), is:

Ap(s) = Fn(v1 (s)) + Fn(vz (s)) (dB) (b-27)
where:
Fn(z) = —20logyo (| = ;" ezt dul ) (b-28)

= —20log;, ([21—\% erfc (g (1- i)Z)D



Rec. ITU-R P.2170-0 17

= —20log;, ( % Q (\E a- DZ)D

2 [ilaray) T ©29

Vj (s) =

and:
0(s) =0, + sy, (b-30)

The ‘rounded-lunar’ diffraction attenuation is based on a “three radii”” method applied to the solution
of the smooth spherical diffraction problem. Calculate y,, ¥;, and v, as follows:

0(s)
0= a (b-31)
2he; ]
Yj = a forj=1,2 (b-32)
Set:
1
k\3 )
o = (y—]) forj=0,1,2 (b-33)
and:
1 .
Kf = ia;Zg forj =012 (-39
Define the dimensionless distances:
xo = AB(Kp) ag 0(s) + x; + x, (b-35)
and:
xj = AB(K;) o; v, dy; forj =1,2 (b-36)

where A = 63.798. Note that only x, depends on s. The ‘rounded-lunar’ diffraction attenuation,
A.(s), is:

A, (s) = G(xo) — F(x1,Ky) — F(xg, K3) — €1 (Ko) (dB) (b-37)
where the functions G (x), F(x, K), C;(K) and B(K) are defined in § B.2.
B.1.5 Coefficients for the line-of-sight range
Set:
dp = dis (b-38)
and:
Ay = Apgqg + myd, (dB) (b-39)
There are two general cases, depending upon the sign of A,4.
Case1:If A4 = 0, set:

do = min (%, 1.908kh,, k., ) (b-40)
_3 ) -

dy =2do+° (b-41)

Ay = As(do) (dB) (b-42)
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Ay = Ayos(dy) (dB) (b-43)
Calculate:
’ (A1—Ag)(dy—dg)—(Az—Ap)(d1—do)
K5, = max| 0, b-44
2 ( (dz —do) ln(zii_(l])—(dl—do) 11’1(3-(2)) > ( )
and:
, AZ_AO_Ké ln(g—(z))
If K] =0, set:
K, = K] (b-46)
K, =K, (b-47)
However, if K{ < 0, set:
n AZ_AO
K;' = (b-48)
ln(g—(z))
IfK; >0, set:
K,=0 (b-49)
K, = Kj' (b-50)
However, if K;,' < 0, set:
K, =my (b-51)
K,=0 (b-52)
Case2: IfA,,; <0, set:
do = 1.908kh, h,, (b-53)
_ _Aeda 4 B}
d; = max ( md,4) (b-54)
Ifdy < dy, set:
Ay = As(do) (dB) (b-55)
Ay = Ajs(dy) (dB) (b-56)
and:
/ (A1—Ag)(dy—dg)—(Az—Ap)(d1—do)
K, = max| 0, b-57
2 ( (dz—do) ln(g—;)—(dl—do) ln(s—(z)) > ( )

If K; # 0, calculate:
| Ay—Ag—Kj ln(g—i)
IfKi >0, set:
K, = K] (b-59)

K, = K} (b-60)
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If K] <0, set:

K; n(@) (b-61)
If K;' = 0, then:
K, =0 (b-62)
K, = KY (b-63)
If K, < 0, then:
K, = my (b-64)
K, =0 (b-65)
Ifdy = d; or K, = 0, then:
Ay = Aps(dy) (dB) (b-60)
ki =20 (b-67)
If K{' > 0, then:
K, =K/ (b-68)
K,=0 (b-69)
Otherwise, set:
K, =my (b-70)
K,=0 (b-71)
Finally, set:
A, = A, — Kid, (dB) (b-72)

B.1.6 The line-of-sight range attenuation function

The line-of-sight range attenuation function, A;,;(s), is the weighted combination of the
“extrapolated/extended diffraction range” attenuation, A, (s), and the “two-ray” attenuation, A;(s):
Alos(s) =(1- W)Ad(s) + WAt(S) (dB) (b-73)
A, (s) is defined in equation (b-75), A;(s) is defined in equation (b-82), and the weighting function,
w, is:
1
W= ——F7an— (b-74)

max(D2,dg)

where D; = 47.7 m, and D, = 10 km. The “extended diffraction range” attenuation is:

Ay(s) = Agqg + mys (b-75)
For the “two-ray” attenuation, set:
sini(s) = ey thes (b-76)
52+(h61+m}2)2
and:
R.(s) = sin y(s)-Zy o—kon(s) siny(s) (b-77)

sinyi(s)+Zg
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where:
AR(s) —/BRE)
on(s) = 1.282 ’
Set:
8'(s) =2 %

The effective reflection coefficient, R, (s), is:

R.L(s) for |R,'(s)| = max(0.5,+/sin Y(s))
Re(s) =9y Re/(s)

Rers)] VS0 b(s) otherwise
The phase difference, 8(s), is:
§'(s) for @ < T
=G e
T 5 otherwise

The “two-ray” attenuation, A,(s), is then:

A(s) = —20logyo|1 + R.(s)e3| (dB)

B.1.7 Location variability

(b-78)

(b-79)

(b-80)

(b-81)

(b-82)

Ayer(p), the attenuation relative to free-space that is not exceeded for the fraction of equivalent terrain

profiles, p (0 < p < 1) is calculated as follows:
Calculate Ah(d), o, and z as follows, where d is the entire path length:

dx
AR(d) = Ah (1 —08 e_W>

_ AR(d)
o=10k k Ah(d)+13
z=Q ' (p)

where d is the entire path length.
Then:
Aref(p) = Aref +o0z (dB)

B.2 Functions G(x), F(x,K), C{(K), and B(K)
F,(x,K), for 0 < x < 200

F(x,K) =4 G(x) + 0.013xe 200[F, (x) — G(x)], for 200 < x < 2 000
G(x), forx = 2000

where:
G(x) = 0.05751 x — 10logqo x
Fi(x) = 40log;o(max(x,1)) — 117
F;(x) for |K| < 107° or x (—log0|K|)3 > 450

1075x2 .
2.5 X TR + 201log,o(|K]) — 15 otherwise

F,(x,K) =

(b-83)

(b-84)
(b-85)

(b-86)

(b-87)

(b-88)
(b-89)

(b-90)
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¢, (K) = 20 (b-91)
B(K) = 1.607 — |K| (b-92)
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PART C
Electrical characteristics of the surface of the Moon

C.1 Regolith complex relative permittivity

C.1.1 Inputs to regolith complex relative permittivity

The regolith complex relative permittivity requires the following parameters:

- Regolith depth

- Regolith content of titanium oxide (TiO2) and ferrous oxide (FeO) minerals
- Regolith bulk density (specific gravity, porosity, void ratio)

— Regolith temperature

— RF frequency

C.1.2 Regolith depth
The regolith depth, d, is calculated as follows:

d=95 +85 tanh(

(m)

H+1 200)
1632.5

(c-1)

where, H, is the elevation in metres. For reference, the digital elevation of the lunar surface is shown
in Fig. 2. Digital lunar elevation maps at various projections, resolutions. and formats are available

from https://imbrium.mit.edu/DATA/LOLA GDR/

Lunar latitude and longitude are defined in the Mean Earth/polar axis (ME) selenographic coordinate
system. The lunar Z-axis is the mean rotation axis of the Moon, and the +Z axis points toward the
lunar North pole; the lunar equator, defined by the XY-plane, is perpendicular to the Z-axis and
intersects the Z-axis at the Moon’s centre of mass; the lunar prime meridian, defined by the X-axis,
points in the mean Earth direction as seen from the Moon (i.e. the mean sub-Earth point on the lunar

surface); and the Y-axis completes the right-handed coordinate system.

FIGURE 2

Elevation map of the lunar surface (km)
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C.1.3 Mineral content

The lunar regolith permittivity is a function of the percentages of titanium oxide (Ti02) and ferrous
oxide (FeO). For reference, the lunar percentages of FeO and TiO> between 60° N and 60° S are
shown in Figs 3 and 4. High resolution maps of FeO and TiO; are available at
https://zenodo.org/records/7263426 and https://zenodo.org/records/7264329, respectively.

FIGURE 3
Map of lunar FeO content between latitude 60° N and 60° S
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FIGURE 4
Map of lunar TiO2 content between latitude 60° N and 60° S
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C.1.4 Bulk density

The bulk density, p, of a material is the mass of the material contained within a given volume, usually
expressed in grams per cubic centimetre (g/cm?®). The porosity, and specific gravity are other
parameters related to the bulk density. The porosity, ¢, is defined as the volume of void space between
the particles divided by the total volume. The specific gravity, G, of a soil particle is the ratio of its
mass to the mass of an equal volume of water at 4 °C. Many lunar soils have a specific gravity of 2.7;
i.e. the density of the individual particles is 2.7 g/cm?, or 2.7 times that of water p,, (1 g/cm?). The
volume fraction, V, is the ratio of the volume of soil particles over the total volume. Bulk density,
porosity, specific gravity, and volume fraction are interrelated as:

Preg = G pw(l - (I)) (c-2)
V= 1-¢ (c-3)
The regolith bulk density, p,.4(z), varies with regolith depth, z (m) as follows:
0.0169—-z g
Preg(z) = 1.890 77—, cm3 (c-4)

where the minus sign on the depth axis is not shown. Figure 5 shows the trend of bulk density vs.
regolith depth.

FIGURE 5
The trend of bulk density vs. regolith depth
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C.1.5 Temperature

The temperature of the lunar regolith varies with lunar latitude and longitude and lunar time.
However, the complex relative permittivity of the lunar regolith is independent of temperature at
frequencies between 1 MHz and 37 GHz.
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C.1.6 Regolith complex relative permittivity at frequencies between 1 MHz and 37 GHz
At frequencies between 1 MHz and 37 GHz, the regolith complex relative permittivity, €,¢g, is:
€reg = Ereg — L €reg. = Ereg — L Eregtand (c-5)

The real part of the regolith complex relative permittivity, &g, is a function of bulk density, pr.g4,
and is independent of frequency and temperature:

Erog = 1.919P7es (c-6)

The loss tangent, tan 6,4, is a function of frequency (GHz), bulk density, and percentages of TiO:
and FeO:

tan 81"eg — 10{(a1fGHz+ az)preg+ b15—b2)} (0_7)

where the coefficientsa,, a,, b,, b,, and S are as follows:

a, = 0.0272 GHz!

a, = 02967
b, = 0.027
b, = 3.058

S = %Ti0, + %FeO.

Since the density, p, is a function of regolith thickness (see equation (c-1)), the regolith complex
relative permittivity is also a function of regolith depth. Figures 6 and 7 show examples of the real
part of the complex relative permittivity and the loss tangent vs. regolith depth for contents of TiO,
and FeO contents of 4% and 15%, respectively, and a typical regolith thickness of 2 m.

FIGURE 6
Real part of regolith permittivity for frequencies above 1 MHz as a function of regolith depth (d = 2 m)
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FIGURE 7
The regolith loss tangent at 1.5 GHz vs. regolith depth (TiOz = 4%, and FeO=15%, d = 2 m)
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C.2 Lunar rock complex relative permittivity
Similarly to the regolith complex relative permittivity, the lunar rock complex relative permittivity
€rock:

€rock = 5;"ock =1 a;ock tan 8,4 (c-8)
Similarly to the regolith complex relative permittivity, the real part of the lunar rock complex
permittivity is:

€rock = 1.919Prock (c-9)

While there is no current empirical or theoretical model of lunar rock density, typical rock densities
are between 2 and 3.3 g cm™3, in which case, €, varies between 3.6826 and 8.5931.

The loss tangent, tan §,.,., is a function of frequency (GHz), bulk density, percentages of TiO> and
FeO, the dc conductivity, 0,,.x, and the real part of the lunar rock complex relative permittivity as
follows:

tan prock = 10%(a1fGHz+ @2)Prock+ b1S—b2)} M (c-10)
€rockf GHz
where:
h
Orock = 3 X 10714 £0.0230T mmo (c-11)

and the coefficients a4, a,, by, b,, and c are:
a, = 0.0086 GHz'

a, = 0.1833
b, = 0.038
b, = 3.26

S=11%
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C3 Lunar regolith complex relative permeability

The real and imaginary parts of the lunar regolith magnetic permeability at frequencies above
300 MHz are:

IJ';' =1 (0-12)
uy =0 (c-13)

C4 Complex relative permittivity of regolith and rock mixture

When there is a mixture of rock and regolith, by treating the rock particles as spherical particles, the
equivalent complex relative permittivity of the mixture, €, ture» 15:

Emixture = D HAC (c-14)
where:
A=2 (c-15)
B = =2(1 = Viock)€reg + (1 = 3Viock)Erock (c-16)
C = —&regErock (c-17)

and V., is the rock volume fraction. In the absence of local data, V,.,., = 0 can be assumed, in
which case, €pixeq = €reg-
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PART D
Prediction of other propagation losses

D.1 Free-space propagation loss

It is recommended that the free-space propagation loss specified in § 2.3 of Recommendation ITU-R
P.525 be used between: a) systems on or near the lunar surface and systems in lunar orbit, b) systems
on or near the lunar surface and systems orbiting the Earth, and c) system in lunar orbit and systems
orbiting the Earth, where the line-of-sight path is unobstructed and there are no reflections.

D.2 Propagation loss considering the atmosphere of the Earth

The propagation loss between: a) systems on or near the surface of the Moon or in lunar orbit, and b)
systems on or near the surface of the Earth or in Earth orbit, where the line-of-sight path is
unobstructed and there are no reflections should be calculated as the sum of a) the free-space
propagation loss specified in § 2.3 of Recommendation ITU-R P.525, and b) the applicable
atmospheric propagation losses specified in § 2 of Recommendation ITU-R P.618.
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