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Abstract 
At present, an investigation of the lunar ground at great depths is of paramount importance. This 
investigation can be carried out using decameter and meter waves. This article aims to analyze the 
variations of the reflection coefficient at decametric, meter and decimeteric bands. A possibility of 
determination of lunar ground characteristics by bistatic radar using powerful ground-based 
transmitters at VHF and UHF bands and a receiver aboard a Moon’s satellite is analysed. Appro-
priate algorithms are considered for determination of the regolith layer thickness, dielectric per-
mittivity, loss tangent, and density of the regolith and bedrocks. Expected results of measurements 
have been presented for a two-layer model of lunar ground, consisting of an upper layer with the 
loose porous rocks (regolith), and the rocks situated more deeply. Revealed regularities are a ba-
sis for determining the distribution of the permittivity in subsurface layer. 
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1. Introduction 
In 2007, the Russian program of the Moon and near-lunar space exploration started. The space research of the 
composition and physicochemical properties of the lunar regolith is a special branch of this program. The deter-
mination of the regolith density and thickness is of interest both of a practical and of a geological point of view. 
To understand the origin and evolution of the Moon, it is important to study the depth structure and composition 
of the soil. This information can be obtained by sounding the lunar ground using radar located on a spacecraft. 
Polar-orbiting satellite for an appropriate time provides the study of the Moon entire surface as both seen from 
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the Earth, and the reverse side. Similar experiments are planned to carry out in the framework of the mission 
Luna-Glob using modulated radio signals in the frequency bands of 20 MHz and 200 MHz [1]. 

The investigation of ground on the visible side of the Moon up to great depth is possible by method of bistatic 
sounding using powerful ground-based transmitters operating in the HF, VHF and UHF frequency bands, and a 
multichannel receiver aboard a lunar satellite. 

The soil explorations are fulfilled now by NASA’s Mini-RF monostatic radar installed on the Lunar Recon-
naissance Orbiter (LRO), which used also the Arecibo transmitter (emitting 200 kW at wavelength 13 cm) for 
bistatic studying of the lunar regolith [2]. Experiences of bistatic sounding the Moon realised by means of the 
first lunar missions, have shown, that frequency selection of signals accepted on the Earth allows us to separate 
the reference and reflected signals and to define the reflection coefficient and dielectric properties of surface 
rocks [3] [4]. The main regularities of the radio waves scattering by a rough lunar surface have been studied in 
papers [5]-[15], where it is shown, that this method allows estimating density of the surface rocks and statistical 
characteristics of the relief irregularities. The layered structure of the ground was not considered for the inter-
pretation of experiment results. In reviews [16] [17] there are presented the results of the first stage of develop-
ing the method for bistatic sounding of the heavenly bodies. 

The idea of bistatic location of the Moon and planets using of high-power ground-based transmitters decame-
ter and natural sources of radio emission has been proposed in [18]. 

The study of the Moon ground at the great depth, which can be carried out at present by radar-tracking me-
thods using decameter and meter waves, became relevant. The purpose of this article is the analysis of possibili-
ties of sounding ground on the big depth by method of bistatic radar using powerful ground-based transmitters 
of meter and decameter radio waves and a receiver located on the lunar satellite. It is necessary to define the 
reflection coefficient for several wavelengths for the layered model of the ground depending on the position of 
the satellite and to solve a direct problem of bistatic sounding the lunar ground. For definition of ground charac-
teristics, it is necessary to develop a method of solving an inverse problem, i.e. to find the horizontal and vertical 
distribution of the dielectric permittivity and density on a basis of the experimental values of the signal characte-
ristics. 

2. The Scheme of Measurements and Ground Model 
Figure 1 shows the scheme of the bistatic location of the Moon in the observation plane. The Moon center is 
denoted as point B and the satellite is denoted as point A. The lunar satellite moves in a circular orbit shown by a 
dotted line. The satellite height is H, projection of the velocity vector on the observation plane is V. The unit 
vectors K and aK  indicate the direction of propagation of the incident wave on the surface and reflected one 
from the surface respectively. The satellite position is set by the angle θ  and its distance from the Moon center 
 

 
Figure 1. Geometry of the experiment.                                      
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as BA a H R= + = , where a is the Moon radius. The position of point D on the surface is the center of reflected 
spot, where the incidence angle η  is equal to the angle of reflectiion. The distance from the satellite to this 
point D is equal AD r= . From the experiment geometry and a condition of equality of incident angle and re-
flected one the formula for the angles θ , η  and the distance r was obtained: 

( ) ( )1 2 2 22 arcsin sin , 2 cos .aR r R a aRθ η η θ η−= − = + − −                    (1) 

It is suggested that the primary model of the lunar ground is the regolith layer lying on the bedrocks. The re-
golith density and the thickness of its layer depend on geologically activities of the certain region. 

We will present the medium model as layered structure with complex dielectric permittivity ( )z iε ε ε′ ′′= + , 
which depends on depth z. The lunar ground consists of the top layer of loose rocks of small density—regolith 
and underlying on denser bedrock. Figure 2 shows a small area of ground around the point D. On the top, the 
layer is situated regolith 1, and deeper—basic rock 2. The unit vectors of beam lines of incidence K and reflect-
ed wave Ka, angles of incidence η  on the regolith, on the bedrock γ  and a projection of the velocity vector of 
satellite V are specified. We will result rough parameters of ground model. Possible values of ,ε ε′ ′′ , density of 
ground ρ  and thickness l of a regolith layer are presented in [17]-[23]. 

The real part of dielectric ground permittivity ε ′ , averaged for the central part of the visible side of the 
Moon, has been defined by ground-based radar. With these data for centimetric waves 2.4 0.4ε ′ = ± , in deci-
meter range 3 0.4ε ′ = ± . It is observed increase of dielectric permittivity while the wavelength increases: for 

1 2 mλ = − , 3.3 1ε ′ = ± , and for 5 12 mλ = − , 5 1ε ′ = ± . This behavior of ε ′  can be explained by increase 
of penetration depth of radio-waves into the subsurface; values of ε ′  measured in centimeter and decimeter 
range corresponds to regolith, and joint influence of the regolith and bedrock, respectively. In the meter range 
this characteristic corresponds to influence of bedrock. Dielectric permittivity and density of rocks have been 
defined also by the laboratory measurements of the lunar ground samples delivered by missions “Apollo” [19]- 
[22]. Measurements of several samples have shown, that for loose samples 2 3ε ′ ≈ − , and for breccia 3 4ε ′ ≈ − . 

The data about absorption coefficient of radio-waves by regolith are the most ambiguous, this characteristic is 
expressed by a known relation through a loss tangent tanδ ε ε′′ ′= . It is shown in the some publications, that 
for frequencies f = 10 − 1000 MHz tanδ  depends on f weakly and for different samples of the lunar ground 
 

 
Figure 2. Medium model and beam lines of radio waves.         
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has values from 10−3 up 24 10−× . Indirect data about possible values ε ′ , and ρ  have been received from 
measurements of samples of the dehydrated terrestrial rocks—analogues of the lunar ground [17]-[21]. It turned 
out, that there is a simple connection between ε ′  and density of rocks ρ , corresponding to empirical formu-
las 

2 1ρ ε ′= −  or 1.52lnρ ε ′=                                (2) 

where ρ  has dimension g∙сm−3. 
The thickness of the regolith layer l has been estimated according to seismic data from space vehicle impact 

against the lunar surface and registration of ground oscillations by registration of seismic sensors after falling 
spacecraft on the Moon surface. For dark sites of the surface—“lunar mare” it was found out l ≈ 2 − 5 m, and for 
light areas—“continents” l ≈ 8 − 15 m. It is supposed, that flat areas of the big craters can have a little thickness 
of regolith, and in some areas, the thickness of the regolith layer changes smoothly along the surface. The speci-
fied data allow to accept following possible limits of variable parameters of the ground model: for regolith 

1 2 3ε ′ ≈ − , 2 3
1tg 10 5 10δ − −≈ − × , 1 15 ml ≈ − , and for bedrocks 2 4 6ε ′ ≈ − , ( ) 2

2tan 2 - 4 10δ −≈ × . 

3. The Reflection Coefficient 
We introduce the reflection coefficient F. It equals to the ratio of the radio wave field strength between tracks 
“Earth - reflected site - satellite A” and “Earth - satellite”. F is represented by two factors: 

F TM=                                             (3) 
where T is the reflection coefficient of the field strength from a smooth sphere with a high conductivity, M is a 
module of the complex reflection coefficient of a radio wave from the plane boundary. This boundary is the 
tangent to the sphere in reflecting point. Here we discuss horizontally polarized wave. The first factor in the ex-
pression (3) is determined with increasing the cross sectional area when beam is reflected from the sphere. Тhe 
coefficient T depends only on the incidence angle η  and is described by the relationship: 

1 2
2 2 cos1 1
cos

r rT
a a

η
η

−
   = + +   ⋅    

                              (4) 

Derivation of this expression can be found in some books, e.g. in [17]. The second factor depends on the pa-
rameters of a stratified ground model and wavelength λ . For the calculation of the radio wave complex reflec-
tion coefficient from a stratified medium shown to Figure 2 the well-known expression is used: 

( )
( )

1 2

1 2

exp 2π
1 exp 2π
M M q

M
M M q
+

=
+

                                       (5) 

Here 1M  is the Fresnel complex reflection coefficient from boundary between the vacuum and the regolith: 

( )
( )

1 22 2
1 1 1

1 1 22 2
1 1 1

cos sin

cos sin

n n n
M

n n n

η η

η η

′ ′− −
=

′ ′+ −
                                 (6) 

2M  is the Fresnel complex reflection coefficient from boundary between the regolith and the bedrock: 

( )
( )

1 22 2
2 1 2 2

2 1 22 2
2 1 2 2

cos sin

cos sin

n n n n
M

n n n n

γ γ

γ γ

′ ′ ′− −
=

′ ′ ′+ −
                               (7) 

In relationships (6) and (7) we introduce the complex refractive indices 1 2
1,2 1,2n ε=  for regolith 1 1 1n n in′ ′′= +  

and for bedrock 2 2 2n n in′ ′′= + . The angle of radio wave incidence on the bedrock γ  is related with the inci-
dence angle on the regolith η  by the Snell’s law as shown in Figure 2: 

1sin sinnη γ′=                                          (8) 

We are interested in the module of the reflection coefficient of a radio wave field strength in the site of the lu-
nar surface, which is determined by the following expression with taking relationships (5) and (8) into account: 
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( ) ( ) ( )
( ) ( ) ( )

1 22 2
1 2 1 1 2 1 1

2 2
1 2 1 1 2 2 1

exp 4π 2 cos exp 2π

1 exp 4π 2 cos exp 2π

M M q M M q
M

M M q M M q

φ

φ

 + +
 =
 + + 

                  (9) 

Components of the formula (9) are given by relations (6)-(8) and the following expressions: 

( ) ( )1 1
1 2 1 1 2 1, 2 cos , 2 cos ,q q iq q l n q l nγ λ γ λ− −′′ ′= + = − =                     (10) 

( ) ( )1 2 2 1 2 2 2 12π arg arg , 2π arg arg .q M M q M Mϕ ϕ= + − = + +                   (11) 

The Fresnel coefficients arguments in (6) and (7) are denoted as ( )1 1 1arg arctgM M M′′ ′=  and 
( )2 2 2arg arctgM M M′′ ′= , where 1M ′  and 2M ′  are real parts of the complex reflection coefficient, 1M ′′  and 

2M ′′  are the imaginary ones. Numerical analysis shows that in (11) the expressions in the brackets are so small, 
that 1 2 22πqϕ ϕ= = . The factor 2q  indicates the phase relations of radio waves reflected from the boundaries 
between the media 0 and 1, 1 and 2, and the value of 1q  is connected with the absorption of waves in a rego-
lith. 

Equation (9) has two asymptotic solutions. At 1
1tan 1lλ δ−
  factor M(η) is approximated by M1(η), i.e. ra-

dio wave is reflected from the regolith surface, and the presence of bedrock is not shown. Putting lmax = 15 m 
and tan δ1 = 4 × 10−2, we find that this is possibly only at case of centimeter radio waves. Other asymptotic solu-
tion is fairly obviously: at 1

1tan 1lλ δ−
  M(η) converges to M2(η), i.e. wave reflected from the rock, not feel-

ing the regolith. In all other cases, the dependence M(η) is an oscillating function. The position of the local ex-
tremes of the function M(η) and their number when changing η in the range from 0˚ to 90˚ is given by formula 

( )1 21 2
12 sin ,m lλ ε η−= −                                   (12) 

where m—the integer 1, 2, … It follows from (12) that the reflection coefficient is a multi-valued function, even 
for fixed values of λ, 1ε  and η. The value M in this case depends on the regolith thickness and losses therein. 

Using the model of the lunar ground, and the expressions (6) - (11) we analyze dependence of factor F on the 
layer thickness regolith l, the wavelength λ  and the angle η  for 100 km satellite altitude. In our case, when 
reflection of radio waves from the two boundaries of subsurface is significant, the dependence F on the ratio of 
regolith layer thickness and the wavelength gets the oscillatory character. Figure 3 shows the dependence on the 
reflection coefficient F as function of the regolith layer thickness for 1 2.7ε ′ = , 2 5ε ′ = , 1tan 0.01δ =  and the 
angle 70η =  . The graphics A, B and C correspond to a wavelength 1 37.5 mλ = , 2 2 mλ =  and 3 0.3 mλ = . 
Note that the horizontal scale is different for these graphs. 

According to (9), the upper maxF  and the lower minF  envelope curves of the oscillations are determined 
 

 
Figure 3. Dependences of reflection coefficient of radio waves F on a thickness l of the re-
golith layer.                                                                     
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with the formulas: 

( )
( )

1 2 1
max

1 2 1

exp 2π
1 exp 2π

M M q
F T

M M q
+

=
+

                             (13) 

( )
( )

1 2 1
min

1 2 1

exp 2π
1 exp 2π

M M q
F T

M M q
−

=
−

                             (14) 

Values maxF  and minF  depend on the loss tangent 1tanδ  and wavelength λ . In the decimeter range, with 
increasing layer thickness l, the difference between maxF  and minF  decreases (Figure 4(c)) and when l = 10 − 
15 m oscillations disappear. If the thickness of the regolith layer in the direction of motion of the reflecting point 
is changed, a periodic fluctuation of the reflected signal level should appear. The period of such variations  

( )
11 22

12 sin d ddt V l xλ ε η
−

 ′∆ = −  
, where dV  is velocity of moving point D on the surface. At variations of a  

radio wave incidence angle oscillations dependence ( )F η  should also be observed. Figure 4 shows the de-
pendences of ( )F η  for three wavelengths: curves B and C correspond to 2 2 mλ =  and 3 0.3 mλ =  respec-
tively, and the curve A is given for 3 37.5 mλ = . It is seen that in the meter band the oscillations ( )F η  are 
great, and decameter oscillations absent. These curves are drawn at 7 ml =  and the same ground parameters 

1ε ′ , 2ε ′ , 1tanδ , as in Figure 3. The reflection coefficient F decreases rapidly when 80η >   due to the influ-
ence of the factor T. 

4. Determination of Ground Parameters 
The regolith layer thickness, the density and dielectric parameters of a rocks must be are reconstructed using the 
experimental values of the reflection coefficient F. Formulae (3) and (4) show that the measured values of the 
reflection coefficient allow to calculate M = F/T, which is the reflection coefficient from plane-layered ground. 
The reflection coefficient M is connected with regolith and bedrock parameters by the complex relationship (9). 
Using a digital map of the Moon we choose a relatively flat region, for which the Rayleigh law is correct: 

( ) 18cosz λ η −∆ <                                      (15) 

where z∆  is the standard deviation of the heights of surface roughness from the plane. 
We assume that long-term operation of the lunar satellite receiver creates a large array of reflection coeffi-

cient measurements at different incidence angles. Such array can be obtained for three radio bands: in decameter, 
meter and decimeter bands. 
 

 
Figure 4. Reflection coefficient F in dependence on an incidence 
angle η for the regolith layer thickness l = 7 m.                          



O. I. Yakovlev et al. 
 

 
1273 

Let us now consider the method for determination of the dielectric constant 1ε  of the regolith. For the deci-
meter waves 3λ  the oscillations of M will be weakly or absents. It indicates that there is the strong radio wave 
absorption. In this case, the influence of the medium 2 can be neglected (Figure 3(c)) and the average experi-
mental value midM  corresponds to the expression (6) for the radio waves reflection from the boundary between 
the medium 0 and 1. If the regolith dielectric permittivity 1 1ε ε′ ′′

 , than 1ε ′  can be determined from formula 
(6) as 

2
2 2

1
1

cos sin
1

mid

mid

M
M

ε η η
 +′ = + − 

                              (16) 

Using this value 1ε ′  and the formula (2) we may determine the regolith density 1ρ . 
We present a procedure for determining the thickness of the regolith l. For this aim, we use the results of 

measurements of the reflection coefficient of radio waves in meter band and value 1ε ′  defined as described 
above. We choose a pair of experimental values ( )1M η  and ( )2M η  so that the angles of incidence differed 
not very strongly, e.g., within 3˚, and the difference between the values ( )1M η  and ( )2M η  was as much as 
possible. For example, such a situation is shown on Figure 4 by points 1 and 2. Each of the values ( )iM η  is  
connected with the functions ( )1 iM η , ( ) ( )( )2 1exp 2πi iM qη η  and ( )2cos 2π iq η    by the formula (9). The  

Fresnel reflection coefficients from the boundary between vacuum and regolith ( )1 1M η  and ( )1 2M η  are 
calculated with the formula (6) using the value 1ε ′  for angles 1η  and 2η . For the accepted model of ground 
the numerical analysis showed that, the function ( )2 1exp 2πM q  changed little when the incidence angles 
changed in the range of 10˚. For the selected angles 1η  and 2η  this function can be considered as constant. 
We denote the function ( ) ( )( )2 1exp 2πi iM qη η  as X. Taking into account the above notation, the formulae 
(9)-(11) and the condition 1 2 22πqϕ ϕ= =  we can write the system of two equations: 

( )
( ) ( ) ( )
( ) ( ) ( )

( )
( ) ( ) ( )
( ) ( ) ( )

2 2
1 1 1 1 2 12

1 2 2
1 1 1 1 2 1

2 2
1 2 1 2 2 22

2 2 2
1 2 1 2 2 2

2 cos 2π
,

1 2 cos 2π

2 cos 2π
,

1 2 cos 2π

M X M X q
M

M X M X q

M X M X q
M

M X M X q

η η η
η

η η η

η η η
η

η η η

+ +   =
+ +   

+ +   =
+ +   

                 (17) 

which depends on two unknown X and l. l is a multiplier in 2q . The equations system (17) is reduced to the 
form: 

( )
( )

2
1 2 1 2

2
1 2 2 2

cos 2π 0,

cos 2π 0.

X XL q L

X XN q N

η

η

+ + =  
+ + =  

                          (18) 

Here L1, 2L , 3L , 1N , 2N  and 3N  are the values depending on ( )1M η , ( )2M η , ( )1 1M η , ( )1 2M η  
as follows: 

( ) ( )( )
( ) ( )

( ) ( )
( ) ( )

22 2
1 1 1 1 1 1

1 22 22 2
1 1 1 1 1 1

2 1
, ,

1 1

M M M M
L L

M M M M

η η η η

η η η η

− −
= =

− −
 

( ) ( )( )
( ) ( )

( ) ( )
( ) ( )

22 2
1 2 2 2 1 2

1 22 22 2
2 1 2 2 1 2

2 1
, .

1 1

M M M M
N N

M M M M

η η η η

η η η η

− −
= =

− −
 

From the equations system (18) we obtain: 

( ) ( )
2 2

1 2 1 1 2 2cos 2π cos 2π
N LX

L q N qη η
−

=
−      

.                        (19) 

Substituting (19) into the first equation of system (18) gives the equation relating ( )2 1cos 2πq η    and 
( )2 2cos 2πq η   : 
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( ) ( ) ( )
( ) ( ) ( )

2 2 2 2 2
2 2 2 1 2 1 2 1 2 2

1 1 2 2 2 1 2 2

cos 2π cos 2π

cos 2π cos 2π .

N L N L q L N q

N L N L q q

η η

η η

− + +      
= +       

                  (20) 

This equation depends on one unknown l, it is solved numerically. The solution is the minimal value, when 
(20) is correct. 

In order to determine the imaginary part of the regolith refractive index 1n′′ , it is necessary to take two meas-
ured values in the decameter band additional for the pair of radio wave reflection coefficients of meter range. 
The two sets must satisfy the conditions of the described above procedure. For each pair the equations (18) must 
be solved. For reconstruction 1n′′  the solutions of the system (18) ( ) ( )( )1 2 1 1exp 2πX M qλ λ=  and  

( ) ( )( )2 2 1 2exp 2πX M qλ λ=  and values 1ε ′  and l recovered above are used. The ratio ( )2X λ  to ( )1X λ  gives the following equation: 

( ) ( ) ( ) ( ) ( )( )1
1 1 1 2 1 22π lnq q X Xλ λ λ λ−− =                            (21) 

where the unknown 1n′′  is a multiplier in ( )1 iq λ . It is determined by the formula 

( ) ( )( )
( )

1
1 2 1 2

1
1 2

ln

4π cos

X X
n

l

λ λ λ λ

λ λ η

−

′′ =
−

                                   (22) 

The reflection coefficient from the boundary “regolith - bedrock” 2M  can be determined using the formula 
(9) and reconstructed values 1n′ , 1n′′  and l. It allows to find the real part of the bedrock refractive index 2n′ . 
This value follows from the formula (7): 

( ) ( ) ( )( )1 22 2 2 2 2
2 2 2 11 1 sin sinn M M n η η

−′ ′= + − − + .                     (23) 

The density of the bedrock 2ρ  is calculated with the formula (2). 
For decameter waves, the interference changes of the reflection coefficient can be observed in some regions 

with a horizontal gradient of the regolith thickness d dl x . In this case, it is possibly to measure their maximum 
maxM  and minimum minM  values. If we can neglect the influence of small absorption of radio waves in rego-

lith and, according to (13), (14), we assume that 

1 2
max

1 21
M MM

M M
+

=
+

                                      (24) 

1 2
min

1 21
M MM

M M
−

=
−

                                      (25) 

Here 1M  and 2M  are Fresnel reflection coefficients (6) and (7), but 1 2
1 1n ε=  and 1 2

2 2n ε=  are the real 
parts of the refractive index of the regolith and bedrock. Using the experimental values close to maxima maxM  
and minima minM  of the reflection coefficients in equations (24) and (25) allows to determine 1M  и 2M , 
and after them from Fresnel formulas to restore 1ε ′  and 2ε ′ . 

Registration of oscillations of reflection coefficient for meter or decimeter radio waves in the region with the 
horizontal gradient d dl x  permits to determine the absorption of radio waves in the regolith. This method of 
the absorption detection is based on the analysis of decreasing function maxM  with increasing l, as shown at 
Figure 3 by curves A and B. If we define that the number of registered maximums of the reflection coefficient is 
equal m and take into account that, according to (12), the total change of the thickness of the regolith in probing 
site is m l∆ , then the absorption coefficient in the regolith may be determined. 

Discussed principles of the inverse problem solving of sensing subsurface layer are the basis for the creating a 
multi-stage algorithm for determining 1ε ′ , 2ε ′ , 1ε ′′ , 1ρ , 2ρ  and l. Testing real algorithm for determining 
ground parameters requires the use of experimental data of the reflection coefficient of radio waves for different 
angles of incident η . 

5. Conclusion 
The method of bistatic subsurface sounding allows measuring the reflection coefficient of the radio waves with 



O. I. Yakovlev et al. 
 

 
1275 

high accuracy. It is possible because the reflection coefficient is a ratio of the field strengths of the direct and re-
flected from the Moon radio waves. The relative measurement of the amplitudes of these signals may be due to 
their frequency separation. In this case, the possibly variations of the transmitter power, receiver gain and the 
effects of the Earth’s ionosphere do not affect the accuracy of the measurements. The transmitter location on the 
Earth provides much greater signal power compared with transmitter located at the satellite. It provides a deeper 
penetration of radio waves in the subsurface. The sizes of reflecting spots on the lunar surface depend on 
satellite height, wavelength and an incidence angle of radio waves. For height 100 kmH = , 2 2 mλ =  and 

30η ≈   in a plane of incidence radio wave and in a perpendicular direction they are approximately 
2 kmx y∆ ≈ ∆ ≈ , and when η ≈  50˚ − 70˚ they increase to 5 km. In this work, the features of the reflection of 

radio waves from the lunar ground have been discussed. The method of ground parameters reconstruction has 
been described in detail. 

Using both bistatic and monostatic modes of radio location improves the accuracy and reliability of the re-
search results. The possibilities of a monostatic location of the subsurface with receiver and transmitter located 
on the lunar satellite are given in papers [1], [24]. The monostatic mode allows exploring the ground parameters 
both on visible and internal side of the Moon and—what is important—in polar areas. Radar, combined in one 
hardware complex and using the two methods, would provide detailed high-precision measurements for deter-
mination of the distribution of ground parameters in various regions of the Moon. 

Acknowledgements 
We thank A.I. Efimov, whose comments helped improve this manuscript. The work has been supported by the 
Program № 9 “Experimental and theoretical studies of objects in the solar system and planetary systems of stars” 
of the Presidium RAS and partially by Grant of Russian Fund for Basic Research RAS № 13-02-00526. 

References 
[1] Smirnov, V.M., Yushkova, O.V., Marchuk, V.N., Abramov, V.V., Kvylinckii, Yu.F. and Lyakhov, Yu.N. (2013) Luna- 

Glob Project: Radio Sounding of the Lunar Ground. Journal of Communications Technology and Electronics, 55, 
911-918. http://dx.doi.org/10.1134/S106422691309012X 

[2] Patreson, G.W., Bussey, D.B.J., Stikle, A.M., Cahill, J.T.S. and Carter, L.M., the Mini-RF Team (2014) Mini-RF Bis-
tatic Observation of Cabens Crater. EPSC Abstract v. 9, EPSC2014-63, 2014 European Planetary Science Congress. 

[3] Yakovlev, O.I. and Efimov, A.I. (1967) Studies of Reflection of Meter Radio Waves by the Lunar Surface. Doklady 
Academii Nauk SSSR, 174, 583-584. (In Russian). 

[4] Tyler, G.L., Eshleman, V.R., Fjeldbo, G., Howard, H.T. and Peterson, A.M. (1967) Bistatic-Radar Detection of Lunar 
Scattering Centers with Lunar Orbiter-1. Science, 157, 193-195. http://dx.doi.org/10.1126/science.157.3785.193 

[5] Yakovlev, O.I., Efimov, A.I. and Matyugov, S.S. (1968) Scatter of Meter Radio Wave by the Lunar Surface. Kosmi-
cheskie Issledovanija, 6, 432-437. (In Russian). 

[6] Tyler, G.L. (1968) Brewster Angle of the Lunar Crust. Nature, 219, 1243-1244. http://dx.doi.org/10.1038/2191243a0 
[7] Tyler, G.L. (1968) Oblique-Scattering Radar Reflectivity of the Lunar Surface: Preliminary Results from Explorer-35. 

Journal of Geophysical Research, 73, 7609-7620. http://dx.doi.org/10.1029/jb073i024p07609 
[8] Yakovlev, O.I., Matyugov, S.S. and Shvachkin, K.M. (1970) Parameters of Scattering Radio Waves and Characteris-

tics of the Lunar Surface from Luna-14 Data. Radiotekhnikai Electronika, 15, 1339-1345. (In Russian). 
[9] Tyler, G.L. and Simpson, R.A. (1970) Bistatic Radar Measurements of Topographic Variations in Lunar Surface 

Slopes with Explorer-35. Radio Science, 5, 263-271. http://dx.doi.org/10.1029/RS005i002p00263 
[10] Matyugov, S.S., Yakovlev, O.I. and Gritsajchuk, B.V. (1971) Frequency Spectra of Radio Waves Reflected by Lunar 

Surface. Radiotekhnikai Electronika, 16, 1545-1553. (In Russian). 
[11] Tyler, G.L. and Ingalls, D.H. (1971) Functional Dependences of Bistatic-Radar Frequency Spectra and Cross Sections 

on Surface Scattering Laws. Journal of Geophysical Research, 76, 4775-4785.  
http://dx.doi.org/10.1029/JB076i020p04775 

[12] Parker, M.N. and Tyler, G.L. (1973) Bistatic-Radar Estimation of Surface-Slope Probability Distribution with Applica-
tions to the Moon. Radio Science, 8, 177-184. http://dx.doi.org/10.1029/RS008i003p00177 

[13] Tyler, G.L. and Howard, H.T. (1973) Dual-Frequency Bistatic Radar Investigations of the Moon with Apollos 14 and 
15. Journal of Geophysical Research, 78, 4852-4874. http://dx.doi.org/10.1029/JB078i023p04852 

[14] Kaevitser, V.I., Matyugov, S.S., Pavelyev, A.G. and Yakovlev, O.I. (1974) Frequency Spectra of Decimeter Radio 

http://dx.doi.org/10.1134/S106422691309012X
http://dx.doi.org/10.1126/science.157.3785.193
http://dx.doi.org/10.1038/2191243a0
http://dx.doi.org/10.1029/jb073i024p07609
http://dx.doi.org/10.1029/RS005i002p00263
http://dx.doi.org/10.1029/JB076i020p04775
http://dx.doi.org/10.1029/RS008i003p00177
http://dx.doi.org/10.1029/JB078i023p04852


O. I. Yakovlev et al. 
 

 
1276 

Waves Reflected By Lunar Surface with Luna-19. Radiotekhnikai Electronika, 19, 936-945. (In Russian) 
[15] Zaizev, A.L., Kaevitser, V.I., Kucheryavenkov, A.I., Matyugov, S.S., Pavelyev, A.G., Petrov, G.M. and Yakovlev, O.I. 

(1977) Bistatic-Radar of the Moon by Modulated Signal. Radiotekhnikai Electronika, 22, 2096-2104. (In Russian) 
[16] Simpson, R.A. (1993) Spacecraft Studies of Planetary Surfaces Using Bistatic Radar. IEEE Transactions on Geos-

cience and Remote Sensing, 31, 465-482. http://dx.doi.org/10.1109/36.214923 
[17] Yakovlev, O.I. (2002) Space Radio Science. Taylor and Francis, London. 
[18] Pavelyev, A.G. and Kucheryavenkov, A.I. (1994) Bistatic Sounding of Planetary Surfaces. Itogi Nauki I Techniki, 44, 

81-175. (In Russian) 
[19] Olhoeft, G.R. and Strangway, D.W. (1975) Dielectric Properties of the First 100 Meters of the Moon. Earth and Pla-

netary Science Letters, 24, 394-404. http://dx.doi.org/10.1016/0012-821X(75)90146-6 
[20] Heiken, G., Vaniman, D. and French, B.M. (Eds.) (1991) Lunar Sourcebook, Cambridge University Press, Cambridge. 
[21] Katsube, T.J. and Collett, L.S. (1973) Electrical Properties of Apollo 16 Lunar Samples. Proceedings of the 4th Lunar 

Science Conference, 3, 3101-3110. 
[22] Olhoeft, G.R., Frisillo, A.L. and Strangway, D.W. (1974) Electrical Properties of Lunar Soil Sample 15301,38. Journal 

of Geophysical Research, 79, 1599-1604. http://dx.doi.org/10.1029/JB079i011p01599 
[23] Rust, A.C., Russell, J.K. and Knight, R.J. (1999) Dielectric Constant as a Predictor of Porosity in Dry Volcanic Rocks. 

Journal of Volcanology and Geothermal Research, 91, 79-96. http://dx.doi.org/10.1016/S0377-0273(99)00055-4 
[24] Yushkova, O.V. (2010) Reconstruction of the Parameter Half-Space. Journal of Communications Technology and 

Electronics, 55, 35-39. http://dx.doi.org/10.1134/S1064226910010055 
 

http://dx.doi.org/10.1109/36.214923
http://dx.doi.org/10.1016/0012-821X(75)90146-6
http://dx.doi.org/10.1029/JB079i011p01599
http://dx.doi.org/10.1016/S0377-0273(99)00055-4
http://dx.doi.org/10.1134/S1064226910010055

	Determination of the Lunar Ground Characteristics Using Bistatic Radar
	Abstract
	Keywords
	1. Introduction
	2. The Scheme of Measurements and Ground Model
	3. The Reflection Coefficient
	4. Determination of Ground Parameters
	5. Conclusion
	Acknowledgements
	References

