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In this article we describe the first results from the 
Moon echo experiment conducted using the 53 MHz 
MST radar located at Gadanki, India. Observations 
show that echoes are as strong as 20 dB above noise 
and these are related to radar returns at normal inci-
dence from places close to the sub-terrestrial point on 
the Moon. Spectral features of these echoes are nar-
row, indicating the dominance of quasi-specular scat-
tering process. At higher range, which is also related 
to higher incidence angle, echo power is found to re-
markably decrease. These echoes are characterized 
with multiple spectral peaks and broader spectral fea-
tures. Higher-order spectral analysis suggests that 
multiple spectral peaks are due to discrete multiple 
scattering centres. Initial results are found to be in 
agreement with those reported earlier at similar fre-
quencies and are promising. Implications of these re-
sults along with the potential and future prospect of 
the Gadanki MST radar for Earth-based planetary 
research are discussed.  
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RADAR techniques have been extensively used for study-
ing the Moon ever since the first echoes from the Moon 
were detected using ground-based radar1. Both Earth- and 
satellite-based radar techniques have since been emplo-
yed for probing the Moon’s surface topography, impact 
craters morphology, and regolith2–7. Radar techniques 
have also been used for finding ice on the Moon8,9,  
although from the view point of radar probing of the 
Moon this issue continues to remain unresolved10.  
 Most of the radar observations for studying the Moon, 
however, have been made at centimetre wavelength5,  
except for a few which were done from the Earth in the 
metre–decametre wavelength2,3,11,12. Radar experiments at 
metre–decametre wavelengths provided important infor-
mation on the wavelength dependence of radar cross-
section and angular dependence of backscattering, which 
was used for characterizing lunar surface properties,  
regolith and underneath rocks10.  
 On the other hand, Moon echoes have traditionally 
been used to characterize large phased array VHF atmos-
pheric radars13,14, but no attempt has been made to char-

acterize these echoes. Given the fact that surface 
roughness of the Moon at scales comparable to radar 
wavelength is one of the important factors that influences 
radar echoes10, characterization of Moon echoes at VHF 
frequencies assumes significance.  
 We explored the possibility of detecting Moon echoes 
using the Mesosphere–Stratosphere–Troposphere (MST) 
radar, located at National Atmospheric Research Labora-
tory, Gadanki (13.5N, 79.2E; hereafter referred to as 
Gadanki MST radar), Andhra Pradesh, India. The 
Gadanki MST radar operates at 53 MHz with a maximum 
peak power of 2.5 MW and antenna aperture of 
1.7  104 m2. It was primarily designed to detect echoes 
from refractive index variations present in the Earth’s 
neutral atmosphere and ionosphere for studying various 
dynamical processes therein15,16. For the Moon echo ex-
periment, our objectives were twofold: (1) to detect and 
characterize Moon echoes, and (2) to use the Moon for 
characterizing the antenna pattern of the Gadanki MST 
radar. Here, we describe the experiment and first results 
of Moon echoes, including their spectral features.  

Experiment description  

Gadanki MST radar observations of Moon echoes re-
ported here were performed on 31 December 2014, when 
the transit of the Moon was over the radar field of view. 
On this day, the Moon arrived over zenith at 20:28 IST 
(UT+5:30 h). Considering that radio experiment could 
suffer from scintillation effect by ionospheric plasma  
irregularities associated with equatorial plasma bubble 
that occur in the evening, we monitored the presence/ 
absence of ionospheric irregularities using a collocated 
state-of-the-art digisonde, so that their effects on the ob-
servations can be accounted for. Ionospheric irregularities 
were absent during the experiment. Faraday rotation ef-
fect, if any, due to magnetized plasma in the intervening 
medium on the linear polarization used in the experiment 
(both in transmission and reception), however, could not 
be avoided. 
 Table 1 shows the radar parameters used in the experi-
ment. Note that the inter-pulse period (IPP) of 2.7 ms 
(unambiguous radar range of 405 km), however, is not 
sufficient for measuring the range between the radar and 
the Moon surface, which is about 368,000 km. The RF 
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pulse has to travel for ~2.5 sec to return to the radar from 
the surface of the Moon. Thus in the present case the 
range measurement is aliased due to range folding linked 
with the short IPP used in the experiment. The short IPP 
(2.7 ms) and coherent integration (four in the present 
case), however, have facilitated us to detect Moon echoes 
with a sampling rate of 92.6 Hz (i.e. 1/(2.7 ms  4)) for 
Doppler spectral measurement. This provided a Doppler 
window (i.e. Nyquist frequency) of  46.3 Hz.  
 We have also used a pulse length () of 32 s, which is 
shorter than those used earlier for similar measurements 
made from other ground-based radar sites. This has pro-
vided us measurements of echo power and spectral prop-
erties at every 4.8 km (c/2, where c = 3  108 m s–1 is the 
velocity of light) interval from different parts of the 
Moon as the radar pulse travels. Figure 1 shows the relevant 
geometry illustrating how a pulsed radar experiment pro-
vides information regarding the Moon as it travels from 
the sub-terrestrial point P to the limbs of the Moon. In 
this way, the radio pulse of duration  (which is 32 s in 
 
 
Table 1. Radar specifications and other important parameters used in  
  the present experiment 

Parameter    Value 
 

Frequency 53 MHz 
Peak power 1.8 MW 
Antenna aperture 1.7  104 m2 
Half power full beam width 2.8 
Pulse width 32 s 
Inter-pulse period 2.7 ms 
No. of coherent integrations 4 
No. of time-series data points  2048 
No. of range bins 80 
Beam direction East-18, east-12, east-6, zenith,  
   west-6 
Dwell time in each beam position 26 min 
Data recording mode Complex time series (in-phase 
   and quadrature components)  
 

 

 
 

Figure 1. Geometry of radar backscatter from the Moon. As the radar 
pulse travels, the angle of incidence changes and it covers different an-
nular areas on the Moon surface. 

the present case) travelling with the velocity of light c  
illuminates as annular ring of area A (= 2Rc) on the 
surface of the Moon, where R is the average radius of the 
Moon. The area of the annular ring depends on the pulse 
length  and hence shorter the pulse length, better is the 
resolution. The angle of incidence  (which is based on 
the assumption that the Moon is a smooth sphere), how-
ever, changes from 0 to 90 as the pulse travels. While 
this aspect should be kept in mind when interpreting ech-
oes coming from different ranges, it is also important to 
note that the Moon is not a smooth spherical body but 
comprises of complex terrain and regolith. Thus back-
scattered echoes are expected even when the angle of  
incidence is non-zero.  
 The radar beam was positioned at east-18, east-12, 
east-6, zenith, and west-6 sequentially so as to receive 
Moon echoes, while it was apparently transiting from east 
to west. Given that the antenna beam width (3 dB full 
width) of the Gadanki MST radar is 2.8 and the apparent 
angular dimension of the Moon is about 0.5, the transit 
time of the Moon across the antenna beam is estimated to 
be about 15 min. For the observations presented here, 
however, data were collected for 26 min at each beam po-
sition to detect echoes, if any, at angles beyond the 3 dB 
width of the antenna radiation pattern.  
 Echoes from four consecutive pulses were coherently 
integrated and time-series data, each consisting of  
2048 points forming a data length of 22.12 s (i.e. 
2.7 ms  4  2048 = 22.12 s), in the form of in-phase and 
quadrature components were stored for post-processing. 
Spectral estimation was performed offline using fast Fou-
rier transform (FFT) on 2048 data points providing spec-
tral observations in a Doppler window of 46.3 Hz and 
spectral resolution of 0.045 Hz (i.e. 92.6 Hz/2048).  

Observational results 

Range distribution of Moon echo power  

Figure 2 shows range–time variations of signal-to-noise 
ratio (SNR) of Moon echoes observed in different beam 
positions. Noise power is reckoned over the coherent in-
tegration filter bandwidth of 92.6 Hz. Echoes marked as 
A, B, C, D, and E correspond to observations made in the 
east-18, east-12, east-6, zenith, and west-6 beams re-
spectively. As mentioned earlier, echo range is aliased 
due to the selection of short IPP (2.7 ms). Nonetheless, 
the composite echo pattern constructed from all observa-
tions clearly depicts motion of the Moon towards and 
away from the radar location. Note that the closest range 
occurs when the beam zenith angle is east-6 instead of 
zenith and the cosine-like pattern is suggestive of near 
east–west motion of the Moon in a limited observational 
field of view (i.e. between east-18 and west-6) of the 
Gadanki MST radar used in the present experiment.  
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Echoes are as strong as 20 dB above noise. Strong echoes 
are found in the first few range gates when the radio 
pulse is close to the sub-terrestrial point on the Moon and 
as the radio pulse travels further, echo power decreases.  
 Figure 3 provides more details on the variations of 
echo power with range (i.e. time delay). Echo powers ob-
served at different range gates are normalized to the re-
ceived peak power in the entire range window, which 
came presumably from normal incidence. As the figure 
shows, echo power falls off fast after two range gates 
(which cover 64 s in time and hence 9.6 km in range) 
and echo power is reduced by 80% in the next 8–10 range 
gates and by 90% in the subsequent range gates. This 
change in echo power with range can also be viewed as 
angular dependence of echo power, since the angle of in-
cidence changes as the pulse travels. For short pulse 
(such as 32 s used here), the role of quasi-specular com-
ponent is expected to decrease as the pulse travels 
 
 

 
 
Figure 2. Signal-to-noise ratio (SNR) of Moon echoes as a function 
of range and time observed in different beams. Echoes marked as A, B, 
C, D, and E correspond to observations made in the east-18, east-12, 
east-6, zenith, and west-6 beams respectively. 
 
 

 
 
Figure 3. Echo power variations with range as the radar pulse travels 
from the sub-terrestrial point to the limb of the Moon. Echo power is 
normalized to the maximum power observed in a given frame. 

towards the limbs from the sub-terrestrial point. Strong 
echoes observed in the first two range gates are due to 
dominance of quasi-specular component from smooth 
surfaces having large spatial correlation at normal inci-
dence, while the weak echoes observed in the subsequent 
range gates are possibly due to multiple reflections from 
rough surface features (rocks and jagged facets) capable 
of reflecting radio waves at large incidence angle. At 
large incidence angle, the rough surface features are ex-
pected to dominate and tend to scatter in isotropic fash-
ion, which can be noticed in the variation of echo power 
with range. Results presented here are in agreement with 
some of the early radar measurements made by Klem-
perer11 at a wavelength of 6 m and by Davis and Rohlfs12 
at a wavelength of 11.3 m.  

Doppler spectral behaviour 

Figure 4 a–c shows Doppler power spectra observed in 
east-12, east-6 and zenith beams respectively. Mean 
Doppler in a given beam position is found to be identical 
at every range gate, clearly exemplifying the mean mo-
tion of the Moon, irrespective of the echoing processes. 
The mean Doppler shifts in east-12, east-6 and zenith 
beams are +15, +3.8 and –14.5 Hz respectively, repre-
senting apparent westward transit of the Moon.  
 Figure 5 provides a summary of all spectral data, in the 
form of line-of-sight (LOS) mean Doppler velocity and 
Doppler spectral width. These are estimated using mo-
ments method and represent –/2 times the mean Doppler 
(the first moment) and /2 times the square root of vari-
ance (second moment), where  = 5.66 m is the radar 
wavelength. Mean Doppler velocity and Doppler spectral 
width are in the range –50 to 50 m s–1 and 10 to 40 m s–1 
respectively. Positive (negative) velocity represents  
motion away from (towards) the radar. Note that mean 
 
 

 
 
Figure 4. Doppler power spectrum observed in (a) east-12, (b) east-
6 and (c) zenith beams. 
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Doppler velocities observed in east-18 to east-6 beams 
show motion towards the radar, and those observed in  
zenith and west-6 beams show motion away from the  
radar. Near-zero velocity is observed when the beam is 
positioned at east-6. One can also notice change in  
velocity in a given beam as time elapses.  
 Doppler spectral width is minimum for strong echoes, 
which come from the first few range gates, and the spec-
tral width is higher for echoes coming from higher 
ranges. Further, spectral width is found to vary with beam 
position. When the radar beam is at east-6 and zenith, 
the spectral width is minimum. It may be recalled that 
LOS velocity close to zero is observed in the east-6 
beam.  
 In order to understand the spectral features further, we 
take a closer look of the spectral data (Figure 6). Figure 
6 a and b shows zoomed version of Doppler spectra ob-
served in the east-6 and zenith beams respectively. On 
the right side of each panel is the corresponding normal-
ized echo power (normalized to peak power in the frame). 
It is clear that echoes in the first two range gates are 
strong and spectra are less structured than those observed 
in the subsequent ranges. Less power and more structured 
spectra could be due to echoes originating from multiple 
discrete targets. It may be noted from Figure 6 b that echo 
power corresponding to the spectrum marked as S2 is 
about 60% that of S1 and is remarkably higher than those 
observed in the adjacent range gates. 
 In order to understand the behaviour of the spectral 
data marked as S1 and S2, we have closely examined 
temporal behaviour of time-series data and its frequency 
components. Figure 7 a and b illustrates results corre-
sponding to spectral data marked as S1 and S2 respec-
tively in Figure 6 b (zenith beam data). The panels from 
 
 

 
 
Figure 5. (a) Mean Doppler velocity and (b) Doppler spectral width 
observed with range and time in different beams. 

top to bottom represent time-series data (in-phase chan-
nel), Doppler power spectrum (only the negative part of 
the spectrum is shown), zoomed version of power spec-
trum and bi-spectrum respectively. Note that in the first 
2.5 sec of the time-series data, there is no echo as ex-
pected. The fading rates of the signal corresponding to S1 
and S2 are different; faster fading is observed in the case 
of S2 compared to S1. Here it may also be mentioned that 
fading observed in the case of S2 is somewhat faster than 
those observed in the rest of signals. With regard to the 
Doppler spectrum, both show two dominant peaks, but in 
the case of S2, the peaks are well separated. There are 
also additional spectral peaks, but they are less signifi-
cant. Similar multi-peak spectra were reported earlier by 
Davis et al.17 based on radar observations made at 11.3 m 
wavelength. Given the fact that signals linked with S2 
come from the limbs of the Moon, signals could come 
from discrete targets satisfying quasi-specular reflection 
properties.  
 To find to what extent these peaks are independent and 
localized, we performed wavelet and bi-spectrum analysis 
of signals. Wavelet analysis has been performed to study 
stationarity of signal, which reveals the temporal varia-
tions of frequencies present in the signal. Wavelet spec-
trum (not presented) clearly show stationarity of signal 
throughout the observations, but the time resolution of 
the dataset does not permit to resolve the closely sepa-
rated frequencies. Bi-spectrum analysis has been per-
formed to examine the coupling between different 
frequencies present in the signal. Bi-spectrum (shown in 
the bottom panel of Figure 7) clearly shows that the Dop-
pler frequencies (15 and 15.25 Hz) are independent and 
come for discrete sources. We have also examined the  
interaction between the signals having Doppler shifts of 
15 and 15.25 Hz with respect to coupling term of the  
bi-spectrum. These coupling effects are expected to occur 
at 0.25 Hz (15.25–15 Hz) and 30.25 Hz (15.25 + 15 Hz). 
We found that the amplitudes of the coupling terms (not 
presented here) for 0.25 and 30.25 Hz are insignificant 
and hence the observed spectral broadening and multi-
peaks are related to discrete localized targets.  
 Although these results cannot be compared directly 
with many of the present-day results based on radar imag-
ing techniques, some of the important results obtained in 
the past experiments using radar of similar wavelength 
are worth mentioning. For example, Thompson4 interpreted 
the high returns at 7.5 m wavelength from lunar high-
lands as due to scattering from large blocks at significant 
depths within the low-loss anorthositic megaregolith. On 
the other hand, Campbell et al.6 found that radar observa-
tions at 7.5 m wavelength differed on several counts from 
those of centimetre scales. They inferred that abundance 
of ilmenite within the regolith and basal lava flows does 
not greatly affect the 7.5 m echoes. They also inferred 
that strong echoes are controlled by the age of the mare 
basalt flows, with older deposits having greater degree of
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Figure 6. Variations of spectral features with range observed in (a) East-6 and (b) zenith beams. Histograms 
on the right show normalized echo power. S1 and S2 represent spectra for further analysis. 

 
 

 
 

Figure 7. Time series of signal amplitude in the in-phase channel (top panel), power spectrum (second panel), zoomed version  
of the power spectrum (third panel), and bi-spectrum (bottom panel) corresponding to the echoes marked as (a) S1 and (b) S2 in 
Figure 6  b. 

 
 
fracturing and higher backscatter. In this context, mapping 
of the Moon by employing the delay-Doppler technique18 
on the Gadanki MST radar would be interesting. To the 
best of our knowledge, high-resolution mapping of the 
Moon has not been done by such MST radars. Employment 
of the delay-Doppler technique on the Gadanki MST radar 
would be a reality in the near future once the existing sys-
tem is upgraded to incoherent scatter radar, which will 

provide circular polarization to avoid Faraday rotation 
and coded long pulse, a project that is currently in progress. 
We propose to use coded long pulse and delay-Doppler 
technique17 for high-resolution mapping the Moon surface. 
It is hoped that such observations can be compared with 
those of Mini-SAR on-board Chandrayaan-1 (refs 7, 10), 
not only to understand the Moon surface but also to study 
the VHF echoes from the Moon and ionospheric effects. 
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Summary and concluding remarks 

We have demonstrated that the 53 MHz Gadanki MST 
radar is capable of detecting Moon echoes. Salient results 
obtained are: (1) the Moon echoes are found to have SNR 
as high as 20 dB; (2) echo power changes as the radar 
pulse travels from the sub-terrestrial point towards the 
limbs consistent with the angular dependence of echo 
power; (3) Doppler spectral property changes from nar-
row single-peak spectrum to multi-peak spectrum as the 
radar pulse travels from the sub-terrestrial point towards 
the limbs, and (4) multi-peak spectra are found to be 
originating from multiple discrete targets on the Moon. 
The Moon echoes could be effectively used to calibrate 
the antenna pattern of the Gadanki MST radar. We have 
also outlined the potential application of the radar in 
high-resolution mapping of the Moon and other planetary 
bodies in near future.  
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