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Introduction: The Mini-RF instrument aboard 

NASA’s Lunar Reconnaissance Orbiter (LRO) is cur-
rently acquiring bistatic radar data of the lunar surface at 
both S-band (12.6 cm) and X-band (4.2 cm) wavelengths 
in concert with transmitters at the Arecibo Observatory 
(AO) and the Goldstone deep space communications 
complex DSS-13 respectively [1, 2]. Similar to the mon-
ostatic Mini-RF data [3], the bistatic architecture support 
calculation of the 2×2 covariance matrix of the backscat-
tered field, from which follow the four Stokes parame-
ters. A common product derived from the Stokes param-
eters is the Circular Polarization Ratio (CPR), which is 
regularly used in lunar radar data analyses [e.g., 1-4]. 
The CPR, defined as the ratio between power reflected in 
the same sense of circular polarization (SC) as that 
transmitted and the echo in the opposite sense (OC) of 
circular polarization, can be used as an indicator of sur-
face and subsurface roughness [4].  

 The objective of these bistatic observations is to 
characterize the radar scattering properties of lunar ter-
rains as a function of bistatic (phase) angle. One applica-
tion of doing so is to determine whether terrains produce    
an opposition response [5] indicative of the presence of 
water ice [1]. Since 2012, dual-wavelength bistatic radar 
data for diverse terrain types on the nearside of the Moon 
have been collected and sampled over a range of bistatic 
and incidence angles [1, 2]. Recent studies [e.g., 1, 2, 6] 
characterized lunar terrains by studying the CPR re-
sponse against the range of bistatic angles observed. 
These studies assumed that relatively small variations in 
incidence angle within a bistatic observation would have 
a negligible effect on their analyses and did not explicit-
ly consider the effect of incidence angle on CPR for the 
lunar terrains they examined. However, other studies 
[e.g., 4, 7] have shown that incidence angle is one of the 
factors that primarily affect the radar backscattering co-
efficients and the CPR, due to the shape of scattering 
functions. The objective of this work is to examine those 
variations in CPR that are a function of incidence angle 
and include them with analysis of variations in CPR as a 
function of bistatic angle for several terrain types, using 
data obtained from Mini-RF monostatic and bistatic ob-
servations. 

Data sets and methods: For this preliminary analy-
sis, we compared the S-band CPR data from the mono-
static and bistatic Mini-RF radar observations of pyro-
clastic deposits and young impact craters. The Mini-RF 
S-band monostatic data were acquired at an incidence 
angle of 49° and mapped to a lunar coordinate grid with 

a resolution of 15 m/pixel [8]. We spatially averaged 
these data for an effective ground resolution of 100 
m/pixel, to reduce the speckle noise and to compare with 
the bistatic Mini-RF data. The resolution of the bistatic 
Mini-RF data is ~100 m in range and ~2.5 m in azimuth, 
but can vary from observation to observation, as a func-
tion of the viewing geometry. Comparisons of ground-
based radar data (e.g. AO) with Mini-RF observations is 
difficult due to differences between these two data sets 
that are unrelated to the viewing geometry [9]. There-
fore, here, we exclude such comparisons.  

We started our analysis with the largest pyroclastic 
deposit on the Moon, the Aristarchus plateau, which has 
been imaged many times at S-band wavelength, using 
the Mini-RF instrument. From regions within the pyro-
clastic deposit and surrounding mare (Fig. 1), we ex-
tracted mean values of CPR, bistatic angle, and inci-
dence angle from identical regions in each dataset. The 
regions were selected based on the overlap of the two 
radar data sets. We then extended this analysis to in-
clude: a part of Sinus Aestuum pyroclastic deposits, 
floor and proximal ejecta (~1-2 crater radii) of Kepler 
crater, and Byrgius A proximal ejecta deposits.  

                
 

 
 
Fig. 1 Mini-RF bistatic S-
band total power image 
mosaic of the Aristarchus 
plateau. The white boxes 
(1 to 4) and the orange 
box indicate the regions of 
pyroclastic deposits and 
surrounding mare respec-
tively, from which the 
radar parameters are 
measured to generate the 
statistics. North is to the 
top and the boundary be-
tween pyroclastic deposits 
and mare is indicated with 
a dashed line.  
  

 
 

For each region, we compared the mean CPR values 
obtained from the monostatic and bistatic radar data sets 
with a two-sample t-test. Table 1 provides details on the 
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CPR characteristics of the terrain analyzed in this work, 
as a function of bistatic and incidence angles, along with 
the p-values of their comparison. We select a confidence 
interval of 90% for our comparison; therefore, a p-value 
less than 0.9 indicates that there is no significant differ-
ence between the CPR values, which would imply that 
CPR did not vary as a function of viewing geometry. 

Pyroclastic deposits: The lunar pyroclastic deposits 
appear dark to the radar and have low CPRs at S-band 
wavelength [4]. Campbell et al. [10] attributed changes 
in 12.6 cm radar CPR across the Aristarchus pyroclastic 
deposits to local changes in rock abundance and thick-
ness of the deposits. The boxes 1 to 4 (Fig.1) represent 
regions of thick pyroclastics that are radar-dark with few 
bright features. For this region, as seen in Table 1, no 
variations in the CPR with the viewing geometry are 
observed. This may indicate a general lack of centime-
ter- to meter-sized surface and subsurface blocks in the 
sampled regions, which could induce diffuse scattering 
of the radar echoes.  

The central location of the Sinus Aestumm pyroclas-
tic deposits analyzed in this work is 6.7°N, 7.1°W, and is 
recently mapped in [11]. For both pyroclastics and mare 
regions, the observed difference in CPR magnitude could 
be a result of either: (i) the low incidence angle (16°-
21°) of bistatic observations, at which the backscatter is 
dominated by mirror-like quasi-specular scattering or (ii) 
larger phase angles (~17°) of the bistatic measurement; 
or a combination of the above two.  

 Young impact craters and ejecta: For the young 
craters Kepler and Byrgius A, variations in the CPR are 
observed from the two radar data sets. For these “typi-
cal” rough terrain, CPR exhibits an increase with inci-
dence angle and roughness on horizontal scales compa-
rable to the observing wavelength [e.g., 12]. Unlike the 
case for the Kepler region, the Mini-RF bistatic observa-
tions of Byrgius A (observed at higher incidence angles) 
have lower CPR values than the monostatic observa-
tions, which is not expected. The CPR values observed 
at varying incidence angles (42°-70°) from these rough 
terrains are indicative of a dominant double-bounce scat-

tering regime among a cloud of dipole-like surface ele-
ments such as rock edges, wavelength-scale blocks [12]. 
Strong dihedral scattering may be responsible for a few 
pixels with CPR values above 2. A clear result of these 
bistatic data for these craters is that high CPR caused by 
the dipoles and dihedrals is reasonably invariant to the 
phase angle, at least for the incidence angles observed. 

Summary and future work: Comparisons of scat-
tering properties of lunar terrains as a function of bistatic 
and incidence angle across Mini-RF radar data sets show 
some deviations from expectations. It is possible that 
some component of those variations is related to the in-
strument architecture, as explored in [9]; however, some 
component of those variations may well be related to 
fundamental scattering processes, factors that we will 
continue to explore. The coherent backscatter opposition 
effect has been observed for both the cases of scattering 
that can take place between grains of a particulate medi-
um (e.g., an icy matrix) and between facets of a rough 
surface [5]. The results of this work have implications to 
the understanding of the difference between these two 
phenomena.  
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Table 1: Summary of radar observations of lunar terrain compiled in this study. The CPR values are are followed by one stand-
ard deviation of the measured average. The monostatic Mini-RF data were acquired at an incidence angle of 49°. 

Region Geologic unit Bistatic Mini-RF 
Inc. angle (deg) 

Bistatic Mini-RF 
phase angle (deg) 

Bistatic Mini-RF 
CPR 

Monostatic 
Mini-RF CPR 

p-value 
from t-test 

 
 

Aristarchus 

Pyroclastic unit -1 57.5 2.06 0.36±0.11 0.33±0.18 0.7 
Pyroclastic unit -1 59.1 2.26 0.41±0.13 0.44±0.25 0.7 
Pyroclastic unit -1 59.7 4.7 0.42±0.14 0.38±0.21 0.8 
Pyroclastic unit -1 60.2 3.35 0.41±0.12 0.43±0.23 0.6 
Surrounding mare 60.4 6.81 0.39±0.11 0.4±0.21 0.6 

Sinus 
Aestuum 

Pyroclastic unit 16.4 16.8 0.08±0.03 0.43±0.24 1 
Surrounding mare 21.5 17.3 0.13±0.04 0.49±0.25 1 

Kepler       
(2 bistatic 
collects) 

 
Crater floor 

42.2 2.64 0.48±0.15  
0.72±0.38 

0.9 
43.7 10.9 0.5±0.15 0.9 

 
Ejecta 

42.3 3.3 0.55±0.18  
0.73±0.39 

0.9 
43.9 11.5 0.58±0.17 0.8 

Byrgius A 
(3 bistatic 
collects) 

Ejecta 69.4 11.3 0.73±0.23  
1.15±0.6 

0.9 
Ejecta 73.8 4.05 0.83±0.26 0.9 
Ejecta 70 4.64 0.84±0.27 0.9 
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