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ABSTRACT

Polarimetric bistatic SAR imaging of the lunar surface may allow detection of ice at the bottom of certain craters. We
have employed the Arecibo Observatory radar transmitter and the mini-RF radar aboard the National Aeronautics and
Space Administration (NASA) Lunar Reconnaissance Orbiter (LRO) as a receiver to collect such bistatic data of the
lunar surface. In this paper, we demonstrate the ability to form bistatic polarimetric imagery with spatial resolution on
the order of 50m, and to create polarimetric maps that could potentially reveal the presence of deep crater ice. We
discuss the details of the signal processing techniques that are required to allow these products to be formed.
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1. INTRODUCTION

The question of the existence of ice at the bottom of certain lunar craters that are never illuminated by the sun has been
one of longstanding interest [1],[2],[3]. One possibility for such lunar ice detection is through the use of monostatic SAR
imaging using polarimetric data [4],[5]. The NASA system known as the Lunar Reconnaissance Orbiter (LRO) was
launched with hopes of utilizing monostatic synthetic aperture radar (SAR) polarimetric imagery to help answer this
question. Unfortunately, the LRO transmitter failed in December 2010, so that monostatic SAR imaging was rendered
impossible. An interesting alternative was suggested, however. The proposal was to obtain bistatic SAR polarimetric
imagery using the Arecibo Observatory transmitter and the LRO radar as a receiver. In this paper we describe how such
bistatic data are collected and processed into appropriate imagery products that can potentially help answer the question
of lunar ice existence.

2. DATA COLLECTIONS

The Arecibo Observatory radio telescope is a 305-m dish transmitter/receiver located on the island of Puerto Rico. It
illuminated a portion of the lunar surface with a 35.5W peak power, circularly polarized, S-band (2.3975 GHz) chirped
signal on April 6, 2011. The parameters of the transmitted pulse are shown in Table 1.

Table 1. Arecibo transmitted RADAR signal parameters

Waveform Parameters Value
Pulse length 100 ps
Pulse repetition interval 500 ps
Chirp start frequency 2.3792 GHz
Chirp rate 0.016 MHz/us
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Mini-RF, the radar receiver onboard the LRO, receives two linear polarizations, namely horizontal and vertical
polarization components. For this test, the LRO Mini-RF receiver was operated in continuous mode and the received
signal was digitized with in-phase and quadrature channels using three bits at a rate of 2.0833 MHz.

There were three primary kinds of returns identified in the data: 1) direct-path signals that are propagated directly from
Arecibo to the LRO; 2) specular signals that bounce off the surface of the moon at the specular point; and 3) ground-
bounce signals that correspond to signals that are reflected from the surface of the moon where the illuminating antenna
pattern from Arecibo and the LRO receive antenna pattern intersect. Ground-bounce singles of the third kind are the
ones that contain the data used for image formation. The direct-path signals of the first kind were used to synchronize the
timing and phasing necessary to produce focused imagery. The direct-path signals and the specular return signals
(second kind) came in through a back side-lobe of the antenna.

3. PREPROCESSING OF BISTATIC DATA

Preprocessing the raw data consists of all the steps required to decimate the original continuously recorded data into the
normal motion-compensated pulsed data that is required for any strip-map image formation algorithm. The first step was
to form a range-compressed phase history data set. The original data was divided into intervals commensurate with the
pulse-repetition-interval (PRI) and compressed using the known transmitted chirp. The top graphic of Figure 1 shows a
portion of these range-compressed data. The magnitude of these data was incoherently summed along pulses producing
a one-dimensional signal shown in the bottom graphic of Figure 1. Examination of this signal reveals the three kinds of
returns described in Section 2., namely direct path, specular, and ground bounce.
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Figure 1. Top: A portion of the range-compressed data artificially divided using the given pulse-repetition-interval; Bottom:
Incoherent sum (along pulses) of the range-compressed data.

The location and the phase of each direct-path pulse was carefully measured and utilized along with the geometry of the
collect to extract and phase-compensate each range-compressed pulse. The region of data extracted and phase




compensated is shown in the top graphic of Figure 1 and is calculated from the location of the direct-path, the geometry
of the collect and the beam size on the surface of the moon. The extracted and phase-compensated pulses were then used
by the beamforming algorithm described below to form the image.

4. METHODOLOGY FOR BISTATIC IMAGE FORMATION

In previous papers the authors have suggested the utility of bistatic SAR image formation via a beamforming or
backprojection algorithm [6]. We employed this technique on the lunar data described in Section 2. Figure 2 shows the
horizontal polarization image reconstructed via backprojection. It is as 400-km by 40-km swath of the moon. Left-to-
right is north-to-south. Figure 3 shows the vertical polarization image using the same backprojection image formation
code.

Figure 2. Horizontal polarization bistatic SAR image for a 400-km north-to-south swath of the moon. The large crater on
the right is Hansteen crater at 11° 30 32 S, 52°00 09 W.

Figure 3. Vertical polarization bistatic SAR image for collection described above.

5. POLARIZATION PROCESSING AND STOKES PARAMETERS

The Stokes parameters of the scattered lunar field can be expressed in terms of the complex-valued dual-polarization-
channels received by mini-RF on LRO as follows [7]:

Sl=<|EH|2+|EV|2> Sz=<|EH|2—|Ev|2> 33:2Re<EHE;> s4=2|m<EHEV*>

where E denotes the complex linear-polarization value, * denotes complex conjugate, < . . . > denotes ensemble
averaging, and Re and Im denote the real or the imaginary value of the complex image amplitude. Averaging is
implemented by multilooking, as is common in many SAR imagery applications.

Other quantitative measures follow from the Stokes parameters. They are:
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Here, m_ is the degree of linear polarization, mc is the degree of circular polarization, pc is the circular polarization ratio
(CPR), and py is the linear polarization ratio. In particular, uc has been used to characterize volume scattering in the
reflected imagery indicative of lunar ice [2]-[5]. Figures 4 and 5 show the S; Stokes parameter and p for signals over
from the low-power Arecibo-to-LRO bistatic collection? respectively.




Figure 4. The S1 Stokes parameter bistatic SAR image for a 400-km north-to-south swath of the moon. The large crater on
the right is Hansteen crater.

Figure 5. The CPR parameter bistatic SAR image for collection described above. CPR measure are scaled from 0 (dark) to
3.0 (bright).

6. CONCLUSIONS

We have demonstrated that bistatic SAR imaging of the lunar surface is viable when we employ a fixed earth-based
transmitter with a radiated power of 35 watts and a lunar orbiter for the receiver. The polarimatric bistatic images can be
employed to produce a parameter, CPR, that may be able to help discern the probability of lunar ice at the bottom of
various craters that are never illuminated by the sun. Future collections will confirm or deny this possibility.
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