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The Lunar Radar Sounder (LRS) experiment on-board the SELENE (SELenological and ENngineering Explorer)
spacecraft has been planned for observation of the subsurface structure of the Moon, using HF radar operating in the
frequency range around 5 MHz. The fundamental technique of the instrumentation of LRS is based on the plasma
waves and sounder experiments which have been established through the observations of the earth’s magnetosphere,
plasmasphere and ionosphere by using EXOS-B (Jikiken), EXOS-C (Ohzora) and EXOS-D (Akebono) satellites;
and the plasma sounder for observations of the Martian ionosphere as well as surface land shape are installed on the
Planet-B (Nozomi) spacecraft which will arrive at Mars in 2003. For the exploration of lunar subsurface structures
applying the developed sounder technique, discrimination of weak subsurface echo signals from intense surface
echoes is important; to solve this problem, a frequency modulation technique applied to the sounder RF pulse has
been introduced to improve the resolution of range measurements. By using digital signal processing techniques
for the generation of the sounder RF waveform and on-board data analyses, it becomes possible to improve the
S/N ratio and resolution for the subsurface sounding of the Moon. The instrumental and theoretical studies for
developing the LRS system for subsurface sounding of the Moon have shown that the LRS observations on-board
the SELENE spacecraft will give detailed information about the subsurface structures within a depth of 5 km from
the lunar surface, with a range resolution of less than 75 m for a region with a horizontal scale of several tens of km.
This capability is evaluated to be sufficient for study of the thermal history of the lunar surface region relating to a
time scale of several tens of millions of years.

1. Introduction
The SELENE mission has been planned to study the ori-

gin and evolution processes of the Moon by using the remote
sensing techniques from a polar orbit at an altitude of 100
km. To understand the origin and evolution of the Moon,
knowledge of topographical features of the subsurface to a
depth of several km below the surface, with a horizontal scale
of several tens of km is necessary; that is, the topographical
and geological features of the lunar surface are strictly re-
lated to the history of lunar geology which can be read from
the subsurface features (Yamaji et al., 1998). Based on re-
sults of the data analysis of the Apollo radar experiments and
other studies on lunar rocks and soils, it has been ascertained
that the surface layer of the Moon consists of material with a
median loss tangent of 0.008 (Olhoeft and Strangway, 1975;
Strangway and Olhoeft, 1977). Therefore, electromagnetic
waves in the HF range can penetrate into the lunar subsur-
face to a depth of several km, if the loss tangent remains
constant. When geological interfaces with sharp boundaries
of permittivity are encountered in the propagation path, a par-
tial reflection of the electromagnetic waves will take place,
generating subsurface echoes. Based on this concept, a radar
sounder experiment ALSE (Apollo Lunar Sounder Experi-
ment) was tested during the Apollo 17 mission for several
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orbits (Phillips et al., 1973). The ALSE experiment verified
that radar sounding by using HF range electromagnetic waves
can be used to explore the subsurface structure of the Moon,
and the results give important information for investigation
of lunar tectonics within a depth of several km (Porcello et
al., 1974; Sharpton and Head, 1982; Cooper et al., 1994).
Since Apollo missions, there have been no additional experi-
ments using the radar sounder technique for lunar subsurface
exploration. Therefore, the Lunar Radar Sounder (LRS) is
being planned to conduct a full mapping of lunar subsurface.

In the time period of the Apollo missions, there were tech-
nical limits in the space borne radar sounder techniques, es-
pecially for generating an accurate waveform of frequency
modulated sounder signal, due to usage of a voltage con-
trolled oscillator (VCO), and due to the low S/N ratio of the
data caused by the analog (optical) data recording method
(Phillips et al., 1973; Peeples et al., 1978). The usage of
a VCO has limit of control of a phase of RF waveform, al-
though the specified linearity of the VCO used in the ALSE
instrument had the accuracy of about 0.1%. It is needed to
realize a direct waveform generator, which is able to gener-
ate the same waveform for each transmission of RF pulses.
An optical recording on photo-film had limit of the dynamic
range of about 25 dB. Then, it is also needed to realize a
digitalized method for the data analysis and recording. We
can improve the instrumentation by adopting new technol-
ogy developed by the plasma sounder experiments which
have been established through the plasma sounding of earth’s
magnetosphere, plasmasphere and ionosphere by using satel-
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lites EXOS-B (Jikiken) (Oya et al., 1981; Oya and Ono,
1981, 1987), EXOS-C (Ohzora) (Oya et al., 1985; Obara
and Oya, 1985) and EXOS-D (Akebono) (Oya et al., 1990).
The concept of the plasma sounder is originated in the top-
side sounder satellites of Alouette and ISIS (Franklin and
MacLean, 1969; Jackson and Warren, 1969), namely the
plasma sounder has capability of transmission of high power
RF pulses into plasma through long deployed antennas. De-
tection of plasma sounder echo signals makes it possible to
measure the plasma density profiles along the propagation
path of sounder RF pulses. In addition to the sounder op-
eration, the plasma sounder system has extended function
observing detailed feature of natural plasma waves and plan-
etary radio waves. The plasma sounder system has further
been developed for the sounding of Martian ionosphere and
land shape in the sounder experiment on-board the Planet-B
(Nozomi) spacecraft which will start observation after the
insertion into the Martian orbit in 2003 (Ono et al., 1998;
Oya and Ono, 1998). The present LRS system on-board the
SELENE has extended capability of sounder operation de-
tecting subsurface echoes, in addition, it will also be able to
observe the spectrum and polarization of radio wave emis-
sions from the Earth, Jupiter, sun and other planets.

The purpose of this paper is to describe a newly developed
method to achieve a high range resolution, and to describe
the instrumentation of the LRS experiment on-board the SE-
LENE spacecraft. The importance of the controlling the
pulse shape is discussed, and plasma effect on the subsur-
face sounding signal is also evaluated in this paper.

2. Observation Method in the LRS System
2.1 Estimation of intensities of surface and subsurface

echoes
The intensity of subsurface echoes largely depends on the

attenuation of the transmitted RF pulses during their propa-
gation through the lunar subsurface. The feasibility of explo-
ration of lunar subsurface to a depth of several km depends
on this attenuation. Most of the Earth’s surface region is cov-
ered by wet soils and rocks, which prevent the penetration
of electromagnetic waves at depth due to propagation losses.
However, the lunar surface is covered by dry regolith ma-
terial of very low conductivity. Therefore, electromagnetic
waves can penetrate into a deep subsurface region and reflect
back as an echo from any sharp boundary at which the elec-
tric permittivity displays a sharp discontinuity. Subsurface
discontinuities may result from various geological processes;
for example, the lunar mare region is thought to be due to lava
eruptions that covered older surfaces, and there can be a sharp
boundary between the older terrain and the mare material at
a depth of several km below the mare surface.

Based on Maxwell’s equation, applied to lunar rocks and
soils which have the permeability of free space (µ0), with
the electric conductivity of σ and permittivity ε; namely,

rot �E = −∂ �B
∂t

= −µ0
∂ �H
∂t

(1)

rot �H = ∂ �D
∂t

+ �J = ε
∂ �E
∂t

+ σ �E, (2)

where the conductivity of a material is transformed to the

Fig. 1. A model for the transmission and penetration of electromagnetic
waves of LRS sounder pulse signals at the lunar surface. We assume, in
this figure, the surface material with the permittivity of 4.0 and the loss
tangent value of 0.01. This model gives subsurface material appearing at
the depth of z, which has the permittivity of 6.0. The reflected waves at the
surface give the surface echoes and the waves reflected at the subsurface
boundary passing through the surface layer give the subsurface echoes.

imaginary part of the relative permittivity noted as

ε∗ = ε′
(

1 + iσ

εω

)
, (3)

where ε∗, ε′, and ω are a complex relative permittivity, a rela-
tive dielectric constant normalized by the permittivity of free
space (ε0), and a measured angular frequency, respectively.
The loss tangent value, usually denoted as tan δ, is defined
as

tan δ = σ

εω
. (4)

Due to a complex frequency dependence of the electric con-
ductivity, the tan δ value is usually measured at various fre-
quencies, as has been reported for samples of lunar rocks and
soils (Olhoeft and Strangway, 1975; Strangway and Olhoeft,
1977). They reported that the relative permittivity was mea-
sured in a range from 1.60 to 11.0 depending mainly on the
bulk density of the material. The tan δ values they measured
were in a range from 0.0003 to 0.03 depending on the mea-
sured frequency ranging from 102 to 109 Hz. Even the driest
rocks have slight attenuation effects that are inversely pro-
portional to the squares of the wavelengths of incoming radio
waves; therefore, using electromagnetic waves in a low fre-
quency range will have a significant advantage for subsurface
exploration.

Intensity of the surface and subsurface echoes can be es-
timated by using a simplified radar equation (Phillips et al.,
1973) applying Snell’s law for a vertical incident electro-
magnetic wave on a flat surface as has been shown in Fig. 1.
When we assume altitude of the satellite as R and the thick-
ness of the top layer as z, the intensity of the surface echo
can be estimated as

P1 = PT G2λ2

4(4π R)2
r0,1, (5)
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Fig. 2. Calculated intensity variations of surface echoes according to the
lunar surface model shown in Fig. 1, depending on the altitude of the
observation point as well as the permittivity of the surface material (ε1)

assuming the radiation power of the LRS transmission as 800 Watts at
the frequency of 5 MHz.

and the intensity of the subsurface echoes is approximated
as

P2 = PT G2λ2

4{4π(R + RD)}2
{1 − r0,1}2

· exp(−τDω tan δ)r1,2, (6)

(Phillips et al., 1973) where PT , G, λ, ω, and tan δ are the
transmission power of sounder RF pulses, the observation
antenna gain, the wavelength, the observation angular fre-
quency, and the loss tangent value of materials of the top
layer, respectively. Moreover,

RD = z
√

ε1, (7)

τD = 2RD

c
, (8)

r0,1 =
{

1 − √
ε1

1 + √
ε1

}2

, (9)

and

r1,2 =
{√

ε1 − √
ε2√

ε1 + √
ε2

}2

, (10)

where ε1 and ε2 are real part of relative permittivities of the
top and second layers, respectively. Thus, the intensity of a
surface echo is mainly dependent on the propagation range
R, the observation wavelength λ = 2πc/ω, antenna gain
G (G ≈ 1.64 for a matched dipole antenna condition) and
transmission power of the sounder RF pulses PT . The rela-
tive intensity of subsurface echoes compared to the surface
echoes is given as;

P2

P1
= R2

(R + RD)2
· r1,2{1 − r0,1}2

r0,1
·exp(−τDω tan δ), (11)

namely, the intensity of the subsurface echoes is mainly de-
pendent on the depth of the subsurface boundary, the obser-
vation frequency, and the loss tangent of the material of the
top layer, which appears in the exponential term of the Eq.

Fig. 3. Calculated intensity variations of subsurface echoes according to
the lunar surface model shown in Fig. 1, depending on the depth of the
subsurface layer as well as the loss tangent value of the surface material
(tan δ) ranging from 0.001 to 0.03. The observation point of the LRS
system is assumed to be at the height of 100 km and surface and subsurface
permittivities are assumed as 4.0 and 6.0, respectively. Other conditions
are assumed to be the same as the condition given in Fig. 2.

(6). Therefore, sounder echoes from deep subsurface region
become observable when we select sufficiently low obser-
vation frequencies. Using electromagnetic waves in the HF
range has a significant advantage for subsurface exploration.
When we assume relative permittivities of the surface ma-
terials of the Moon in a range from 2 to 8, and loss tangent
values in a range from 0.001 to 0.03 for the HF frequency
band (Olhoeft and Strangway, 1975; Strangway and Olhoeft,
1977), the calculated intensity of surface reflection echoes is
shown in Fig. 2, where transmitted RF power is assumed
to be 800 watts with an observation frequency of 5 MHz
measured from altitude range of 50 to 200 km. In Fig. 3, a
signal intensity variation of subsurface echo is shown against
the depth of the subsurface boundary depending on the loss
tangent (tan δ) value, where the observation point is set at
altitude of 100 km, and relative permittivities of the top and
the second layers are assumed 4.0 and 6.0, respectively. As
shown in Fig. 3, the subsurface echo intensity varies depend-
ing on the loss tangent values of the materials of the top
layer, and as a function of the depth to the subsurface layer.
The level of galactic noise determines a theoretical limit of
the observable echo intensity. Within a frequency range of
5 MHz, the galactic noise temperature is measured as about
2.0 × 106 K (Harz, 1969), that is equivalent to the intensity
of −98.6 dBm for the present sounder receiver with the fre-
quency bandwidth of 5 kHz. Comparing the subsurface echo
intensity with the galactic noise signal, as shown in Fig. 3,
the limit exists in a range from 3 to 9 km depending on the
tan δ value of 0.003–0.01; therefore, the planned LRS system
has a maximum observation range of about 5 km below the
lunar surface level.
2.2 Frequency modulation method of RF sounder

In a conventional plasma sounder observation system, a
high power RF pulses with pulse width of about 100 µsec
is applied for the time of flight observation for reflecting
echoes (Oya et al., 1981). During a given pulse transmission
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period, the RF signal has a CW (continuous wave) waveform
which is detected at the same observation frequency by the
receiver. This time-of-flight observation method becomes
inadequate to discriminate the weak subsurface echo signals
within a range of 5 km (equivalent to the 33 µsec delay
after the surface echoes) from signals of the intense surface
reflection echoes. To solve this difficulty, an FM (frequency
modulation) method is applied for controlling the frequency
of transmission signals of pulses of the RF sounder. The
transmission signal waveform is described as a function of
the time, as

TX (t) =




0 t < 0,

a(t) cos φ(t) 0 ≤ t ≤ T0,

0 T0 < t,

(12)

where

φ(t) =
(

ω0 + 1

2
st

)
t. (13)

Variables ω0, s, and a(t) are the starting angular frequency
(2π × 4 × 106 rad/sec is selected for the LRS system), the
sweep rate of angular frequency (2π × 1010 rad/sec2), and a
pulse shape function to define the envelope for transmitted
RF pulses, respectively; and T0 in Eq. (12) gives the sounder
pulse width (200 µsec for the LRS system). Then, the trans-
mission frequency of the sounder RF pulse is swept from
4 MHz to 6 MHz within the transmission time of 200 µsec.
The pulse shape function a(t) gives a sine-shape envelope
for the transmission RF pulse; i.e.,

a(t) = sin

(
π × t

T0

)
. (14)

When the echo arrives with a delay time of τ , the detected
waveform becomes;

RX (t) = βa(t − τ) cos φ(t − τ) (15)

with reduction rate β.
Being synchronized with the frequency modulation of the

transmitted RF pulse signal, a swept local frequency signal
is generated with the same swept rate, defined as;

L O(t) = cos φ(t − τ0), for τ0 < t < T0 + 2τ0 (16)

where τ0 is the timing of the delay for the local signal after
the start of frequency sweep of the transmitted RF pulse.
The received signal given by Eq. (15) is mixed with the local
signal given by Eq. (16) and converted to the waveform of the
sounder receiver signal R(t) after passing through a low-pass
filter, that is;

R(t) = βa(t − τ)

2
cos

{
s · (τ − τ0)t

+
(
ω0 − s

2
(τ + τ0)

)
(τ − τ0)

}
. (17)

This result, then, shows that the signal frequency becomes
s · (τ − τ0) giving a conversion of delay time of echoes to
the frequency of the sounder receiver output signal. When
the signal from a surface echo has a delay time of τ1 and a
subsurface echo has a delay time of τ2, then the separation

Fig. 4. A frequency versus time diagram of the LRS operation. Within
the sounder pulse transmission period of 200 µsec, the LRS transmission
frequency is swept from 4 MHz to 6 MHz. Because SELENE spacecraft
has a circular orbit with an altitude of 100 km, a surface echo observation
signal arrives with a delay time τ of about 660 µsec. The local signal
has the same sweep rate with that of the transmission signal, with a
fixed delay time of τ0 (it is programmable adjusting the best condition of
observations) and mixed with the observation signal. As has been shown
in the figure, difference of the delay time (δτ ) will be converted to the
difference in the frequency (δ f ) in the LRS receiver, obtaining well time
resolution as well as separation for an echo detection.

of the signal can be made by discriminating a frequency
s·(τ1−τ0) from s·(τ2−τ0); that is, a frequency difference of s·
(τ2−τ1) is created (see Fig. 4). Based on Eq. (17), conversion
from a frequency difference (δω) to a corresponding distance
(δz) can be obtained as,

δz = c

2
√

ε1

δω

s
, (18)

where ε1 and c are the relative dielectric constant of the sur-
face material and the speed of light, respectively. Thus, the
range resolution depends on the frequency resolution of the
system. In this LRS system, we employ the Fourier analysis
method to analyze the frequency applying the Fast Fourier
Transform (FFT) on-board the spacecraft. Based on the sam-
pling theorem, the frequency resolution of Fourier analysis
can be estimated as a function of the data-sampling period
that is the same as the period of pulse transmission; i.e., the
theoretical limit is 5 kHz for the present LRS system. This
frequency resolution of 5 kHz is, then, equivalent with the
range resolution of 75 m for a free-space medium; and the
frequency resolution is equivalent to the range of 37.5 m for
a case of propagation through a media with permittivity of
4.0.

The selection of the shape function a(t) is important to
minimize the occurrence of spurious frequency spectra in the
FFT analysis. Figure 5 gives examples of FFT power spectra
comparing results for two shape functions. One waveform
is applied a sine-shaped envelope function, and the other is
a rectangular waveform (indicated as “no-shape control”).
Each echo waveform consists of intense surface echo and
subsurface echo of the sounder receiver output (defined by
Eq. (17)) which are synthesized applying delay times of τ0,
τ1, and τ2 as 647, 667, and 674 µsec, respectively, and as-
suming that intensity of subsurface echo is −50 dB less than
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Fig. 5. A model calculation results of FFT data analyses for synthesized LRS signals which are containing subsurface echoes of weak intensities with
−50 dB levels of the surface echoes (plate (a)). Two curves correspond to results of different types of shape function adjusting the transmission signal
envelope. Plate (b) shows waveforms of the sounder receiver defined by Eq. (17), applying the sine shape function and no shape control. In these cases,
surface echoes generate receiver output signals with center frequency of 200 kHz. As has been shown in plate (a), a subsurface echo is clearly observable
for the sine shape function, due to the effect of pulse envelope control.

Fig. 6. A block diagram of the LRS system on-board the SELENE spacecraft. The system consists of the frequency synthesizer, the sounder power amplifier,
the antenna system, the sounder receiver, the passive mode receiver, the digital signal processor, and the central processing unit for the telemetry and
commands, and power supply unit. The major parts of electric circuits consist of digital signal processing devices.

the surface echo. As shown in Fig. 5, application of a sine-
shaped envelope function on the sounder RF pulses results
in significant reduction of spurious spectra after the process-
ing of the FFT compared with the case for the rectangular
shaped pulse; by using the sine-shaped envelope, it becomes
possible to find the weak echo from the subsurface bound-
ary with a relative intensity of −50 dB with respect to the
echo from the surface, with the delay time of 6.7 µsec that
is equivalent to the depth of 500 m for a medium with an
assumed ε1 = 4.0. A threshold detection level for subsur-
face echoes can be defined as the level of spurious frequency
related to the surface echo; it is found to be about 0.23 MHz
for the case of the sine envelope shape (see Fig. 5). There is
a frequency difference of 0.03 MHz between the frequency
of threshold and the peak frequency corresponding to the

surface echo. The frequency gap of 0.03 MHz corresponds
to the delay time of 3.0 µsec. Therefore, for the present
LRS system with the control of a sine-shape function for the
transmitting pulse signals, a limit of detection is 3.0 µsec
(225 m) for a subsurface echo when it has a relative inten-
sity of −50 dB to the surface echoes. Thus, selecting the
optimal shape function a(t) for the transmission signal is im-
portant for discrimination between weak subsurface echoes
and intense surface echoes. However, there is one drawback
to using the sine function for a(t): the power is reduced by
2/π ≈ 0.63 (−2 dB) (see Fig. 4). Because of power and
mass limitations, the allowable output power of the RF pulse
becomes 800 Watts, therefore, the energy to illuminate the
lunar surface is 0.1 Joule. Among the possibilities we have
examined, the shape function of sine envelope is the most



634 T. ONO AND H. OYA: LUNAR RADAR SOUNDER EXPERIMENT ON-BOARD SELENE

Table 1. Major system parameters of the LRS instrument.

effective from the viewpoint of the frequency (range) sepa-
ration performance as well as the power efficiency.

3. Instrumentation
The instrumentation for the Lunar Radar Sounder (LRS)

experiment described in the previous section is designed on
the basis of full digital signal processing, except for the trans-
mission of RF pulse; a digital control system is employed for
signal synthesizing and on-board data analysis. A block di-
agram of the LRS system is shown in Fig. 6. The frequency-
modulated signal is fed to the power amplifier to obtain the
maximum power of 800 Watts (see Table 1). The large ampli-
tude RF pulses are fed to the dipole antenna whose tip-to-tip
length is 30 m. The echo signals from the surface and sub-
surface region of the Moon are detected through the other
dipole antenna and fed to the sounder receiver circuit. The
swept local signal is mixed with the received echo signals to
convert the sounder receiver signal to the medium frequency
range; the converted signals are digitized by a high-speed
A/D converter with a conversion speed of 6.25 MHz with
an accuracy of 12 bits. Digital data processing including
the FFT (fast Fourier transform) analysis is performed by
using a DSP (digital signal processor). The LRS system is
designed also for space plasma and radio physics. When the
sounder transmitter is turned off, the receiver will be oper-
ated in the passive mode for observations of natural plasma
waves and radio waves with a wide frequency range from 10
Hz to 30 MHz aiming at the natural plasma waves surround-
ing the Moon and electromagnetic waves radiated from the
Sun, Earth, and other planets (see Table 1).

The RF signals whose frequencies are swept from 4 MHz
to 6 MHz within 200 µsec of the transmission period (defined
in Eq. (12)) is synthesized directly by using a waveform mem-
ory and a high-speed digital to analog (D/A) converter with
an accuracy of 12 bits including the pulse shape control. The
transmission signal is fed to the power amplifier obtaining
power of 800 Watts. This high power output is realized ap-
plying a parallel operation of power amplifier circuits, which

have already been developed for previous plasma sounder
experiments (Oya et al., 1981). The swept frequency lo-
cal signal given by Eq. (16) is also synthesized by using the
same principle and subsystem. In this case, the start time
(τ0) of the swept frequency operation is delayed by about
600 µsec and continued within a period of 400 µsec. The
delay time τ0 is selectively determined by the program of
the on-board computer referring the orbital condition of the
SELENE spacecraft to keep (τ − τ0) being almost the same
value for the nadir surface echoes. The 400 µsec duration
of the local signal is equivalent to an observation window
of the apparent range set as 60 km. The timing diagram for
the pulse transmission and start of swept frequency of local
signal and the reception of sounder echoes is illustrated in
Fig. 4.

To minimize the amount of data to be transmitted to the
ground, the start time of the local signal is set so as to keep
a short leading time. It will be set as 20 µsec, for example,
to keep the appearance of the surface echo at the lower fre-
quency range in the sounder receiver signal output as shown
in Fig. 5. To realize this condition, the satellite altitude is
predicted by calculating orbital elements of the SELENE
spacecraft, which has been designed as a circular polar orbit
with altitude of 100 km.

Two sets of dipole antennas with a tip-to-tip length of 30
m are used for the high power RF pulse transmission and
echo signal reception. The element length of the dipole is
selected to match the quarter wavelength of the electromag-
netic waves at 5 MHz. Because three-axis-stabilized attitude
control is designed for the SELENE satellite, a Bi-Stem an-
tenna element is used to keep the dipole formation without
spin stabilizing the spacecraft. For the case of normal mode
operation, high power RF pulses are fed to one set of the
dipole antenna which consists of Y1 and Y2 antenna (Y1-
Y2 antenna hereafter) elements while the echo signals are
picked up by the other set of the dipole which consists of
X1 and X2 (X1-X2 antenna hereafter) which are set in the
orthogonal direction to the Y1-Y2 elements dipole antenna.
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Fig. 7. The circuit diagram of the Transmitter/Receiver switch (TR switch) which is able to switch alternatively the antenna connection between the power
amplifier and the receiver with a high speed and with low power losses.

For the receiving antenna, it is, however, selectable so as to
switch to pick up the echo signal by the RF pulse transmission
antenna (normally Y1-Y2 antenna) that makes it possible to
detect the electric field component in the same direction as
the transmitted electric fields. This condition, similar to a
specular reflection condition, may occur for the observation
above a flat plane surface of the Moon. In this case, a high-
speed transmitter-receiver switch (TR switch; Franklin and
MacLean, 1969) will be applied to switch off the receiver
from the antenna during the RF pulse transmission period
(200 µsec); the circuit diagram is shown in Fig. 7.

Depending on the allowed data transmission speed of the
SELENE spacecraft to the ground, the data transmission
speed of the LRS system is planned to operate with two
modes; namely, 22 kBytes/sec for the standard data trans-
mission mode, and 61.5 kBytes/sec for the high-speed data
transmission mode. Within the standard transmission period
the sounder echo data with FFT data analysis will be trans-
mitted to minimize the volume of data to 12 kBytes/sec, on
the other hand, by using the high speed data transmission
mode, the full waveforms of the sounder receiver signal will
be transmitted to the ground with data rate of 60 kBytes/sec
for data analyses where the method of synthetic aperture
analyses is applicable.

4. Discussion
4.1 Plasma effect

The propagation characteristics of the sounder RF pulses
are generally subject to the dispersion effects, due to space
plasma, by which the delay time τ in Eq. (15) is no longer a
constant for the same range value. Because of the weakness
of the magnetic field surrounding the Moon, the dispersion

effect can be roughly examined under no magnetic field con-
dition. In this case, the delay time can be described with a
simple form for

τ = 2
∫ h

0

ds

Vg
(19)

as

τ = 2

c

∫ h

0

(
1 + 1

2ω2

e2 N (z)

meε0

)
dz, (20)

where Vg , c, N (z), and ω are group velocity, the speed of
light, the electron number density along the propagation path,
and the angular frequency of propagating electromagnetic
waves, respectively. By a simple mathematical manipula-
tion, it follows that

τ = 2h

c
+ K

cω2

∫ h

0
N (z)dz, (21)

where

K = e2

meε0
= 3.18 × 103 (in MKS unit),

and e, me, ε0 are unit of charge, electron mass, and absolute
permittivity of vacuum, respectively. The integral in Eq. (21)
is the total column density (noted as NT ) of plasma along the
propagation path from the observation point (z = 0) to the
target (z = h). The delay time given in Eq. (20) can, then,
be rewritten by

τ = τ f + τp, (22)

where τ f and τp are the delay time due to the propagation as
electromagnetic waves in vacuum and the excess time delay
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as effect of plasma in the propagating medium, respectively.
These are given by

τ f = 2h

c
, (23)

and

τp = K NT

c(ω0 + s · (t − τ f ))2
. (24)

In this case, the waveform of the echo signal as given in Eq.
(15) is expressed by inserting Eq. (22) to τ . The modification
of time τp becomes significant, if the product of sτp is not
negligibly small compared with the frequency resolution of
the echo signal, which is determined by the process of FFT.
In the case of lunar exploration, the column density of the
solar wind plasma for the distance from the surface to the
SELENE spacecraft is estimated to be NT = 1012 /m2. The
excess delay time is given by τp = 1.67 × 10−8 sec for the
start frequency of 4 MHz and it is 0.74×10−8 sec for 6 MHz;
then it is possible to ignore the effect of the solar wind plasma
on the sounder observations because the resulted frequency
differences are 167 Hz for 4 MHz signal, and it is 74 Hz for
6 MHz signal in the result of Eq. (17).

However it should be noted for the case of other planets
or moon covered by dense plasma environment, the sounder
observation by using the method of LRS system should be
designed considering plasma effects. When we examine the
case of a model ionosphere with no magnetic field whose
plasma density is roughly the same order of the Earth’s iono-
sphere, apart from the exploration of the Moon, the col-
umn density of the ionosphere often exceeds the value of
NT = 1015 /m2 which gives τp = 16.7 µsec for the start fre-
quency of 4 MHz and gives τp = 7.4 µsec for the end time of
the sounder pulse. Then, the sounder receiver signal obtained
by Eq. (17) is significantly affected in their frequency linear-
ity with a magnitude of several tens kHz. Thus, the sounder
echo signal is significantly modified in its waveform char-
acter due to the plasma dispersion effect of a dense plasma
condition.
4.2 Feasibility of detection of subsurface echoes

The detection of the echoes reflected from the subsurface
is not simply a matter of the echo’s power but the subject
of the S/N ratio mainly caused by the contamination of the
echoes reflected from the irregular structure of the lunar sur-
face. To clarify the contamination effects due to scattering
echoes caused by the roughness of the lunar surface, simula-
tion studies have been started. The results will be published
in a different paper in which the conclusion will be made
that subsurface echoes are possible to be discriminated from
intense clatter echo signals returned from the rough surface
of mare regions and even from heavily-cratered terrains of
highland regions by applying extended analysis methods us-
ing signal stacking of the data. Application of signal filtering
methods to discriminate given ranges for remarkable reflect-
ing echoes from surface objects is also effective to increase
the S/N ratio. Detailed descriptions for these methods are
deferred to the other paper (Kobayashi et al., 2000).

5. Conclusion
The Lunar Radar Sounder (LRS) experiment will allow the

observation of subsurface structure of the Moon for lunar ex-

ploration; the basic technology for this subsurface sounder is
prepared as an extension of the plasma sounder instrumenta-
tion which has been developed through satellite observations
in the ionosphere, the plasmasphere and the magnetosphere,
using the EXOS-B, C, and D satellites launched in the last
25 years. The subsurface is separated by a few km from the
lunar surface, thus the discrimination of this short range is
required. For this purpose, a method of frequency modula-
tion of RF pulses is adopted. In the case of the present LRS
experiment, the range resolution is 75 m. The method has
already been employed in high-resolution radar such as SAR
(Synthetic Aperture Radar), and was also used for the ALSE
experiment on Apollo 17. For measurements of the range
of the echoes, the on-board FFT analyzer is installed in the
LRS; all these systems are operated digitally. To realize the
capability of high resolution for separation of the echoes for
identifying weak subsurface echoes reflected from the dis-
continuity located close to objects, which produce relatively
strong surface echoes, it is necessary to apply a pulse shap-
ing function to the form of RF pulse. We find that a shaping
form of a sine function gives suitable waveform, with low
spurious spectra, for separating subsurface echoes from in-
tense surface echoes whose frequency is closely located to
that of subsurface signals, with only a small loss of the power
output from the sounder transmitter.

The instrumentation of the LRS system consists of two sets
of dipole antennas, the power transmitter with designed out-
put power of 800 Watts, the frequency synthesizer for gen-
eration of waveform of the transmission signal with swept
RF frequency, and a local signal also with swept frequency
whose start time is controlled by adjusting the delay time
range of the echo signal. The LRS system also consists of
a receiver where the echo signals, whose frequency is con-
verted to fixed center frequency signal, are mixed with the
swept local signal; and the obtained fixed center frequency
signal is fed to the digital signal-processing unit where the
signals are analyzed by FFT within a given bandwidth. Due
to the selection of observation frequency in HF range cen-
tered at 5 MHz, the tip-to-tip length of the dipole made of
the Bi-Stem elements are set at 30 m. To increase the trans-
mission power, two power amplifiers have been designed to
be operated in parallel; these power amplifiers are based on
the already-developed instrumentation of the plasma sounder
experiments on-board the earth orbiting satellites and the
Planet-B spacecraft for the Mars exploration with a potential
capability of the stable RF power transmission of 600 Watts.
Within the data transmission rate allowed for the LRS op-
eration (22 kBytes/sec or 61.5 kBytes/sec), the sounder re-
ceiver generates data with the rate of 12 kBytes/sec for the
case of the standard operation; the rate is increased to be
60 kBytes/sec for the high-speed operation that is selected
depending on the speed of the telemetry system.

The effect of the solar wind plasma around the Moon is
investigated as dispersive media for the plasma waves even
in a range of high frequency signal. The dispersion effects
of plasma in the propagation medium affects the frequency
modulation method itself; and it becomes quite severe if the
total plasma content increases as much as 5×1013 /m2. How-
ever, this effect can be negligible for the present LRS obser-
vation on the lunar orbit where expected column density of



T. ONO AND H. OYA: LUNAR RADAR SOUNDER EXPERIMENT ON-BOARD SELENE 637

solar wind plasma becomes only about 1012 /m2.
The present study verified that the planned LRS exper-

iment on-board SELENE spacecraft is feasible for explo-
ration of the lunar subsurface, it is shown that a subsurface
echo signal from a depth of several km ranges is detectable
for the LRS system. Although there have been results of
the ALSE experiment verifying the possibility of sounding
of the subsurface structure by using an HF sounder method,
an extended theoretical study has been needed to verify the
generalized methodology of the data analysis, and to identify
the subsurface echoes from expected intense surface echoes
due to a rough surface shape of the Moon including a dis-
tribution of huge numbers of craters. Computer simulations
of sounder echo signals from various types of lunar surface
and subsurface horizons have been done; the results of those
simulations will be published in other papers.
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