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Abstract—During the 2008-2009 year, the Goldstone Solar
System Radar was upgraded to support radar mapping of the
lunar poles at 4 m resolution. The finer resolution of the new
system and the accompanying migration through resolution cells
called for spotlight, rather than delay-Doppler, imaging tech-
niques. A new pre-processing system supports fast-time Doppler
removal and motion compensation to a point. Two spotlight
imaging techniques which compensate for phase errors due to i)
out of focus-plane motion of the radar and ii) local topography,
have been implemented and tested. One is based on the polar
format algorithm followed by a unique autofocus technique, the
other is a full bistatic time-domain backprojection technique. The
processing system yields imagery of the specified resolution. Prod-
ucts enabled by this new system include topographic mapping
through radar interferometry, and change detection techniques
(amplitude and coherent change) for geolocation of the NASA
LCROSS mission impact site.

I. INTRODUCTION

As described in a companion paper [1], during the 2008-
2009 year, the Goldstone Solar System Radar was upgraded
to support radar mapping of the lunar poles at 4 m resolution.
The hardware modifications consisted of a commercial digital
waveform generator modulating a 40 MHz bandwidth chirp,
and a commercial digitizer and FPGA processor implementing
digital downconversion of the radar’s IF band. Parameters of
the new acquisition system are listed in Table 1.

The capability of the new hardware, which increased the
range bandwidth from 10 MHz to 40 MHz and changed the
pulse modulation from maximal-length PN sequences to a
linear FM chirp, required the development of a new signal
processing and imaging system to support 4 m resolution
mapping. In previous lunar mapping experiments, the radar
hardware corrected for instantaneous or “fast time” Doppler
on transmit via ephemeris steering of the transmitter local
oscillator and timebase drifting of the PN code generator clock
and receiver sample clocks. Range compression was applied
in non-real time by correlating with the ideal transmitted
PN sequence, and unfocused delay-Doppler or focused range-
Doppler imaging algorithms were employed [2], [3], [4].

In the new Goldstone configuration, the transmit local
oscillator and all sample clocks are fixed. Fast-time Doppler
removal and data resampling must be performed in non-real
time by the data processing system. In addition, the finer
resolution of the new system and the accompanying migration

TABLE I
RADAR SYSTEM PARAMETERS

Parameter Value
Radar band X-band
Carrier frequency 8560 MHz
Pulse bandwidth 40 MHz
Pulse modulation Linear FM chirp
Range resolution 4m
Standoff range 370,000 km
Pulse duration 12.5 or 20 millisec
Pulse repetition frequency 50 or 80 Hz
IF frequency 460 MHz

IF bandwidth 50 MHz
Digitizer bit depth 8 bits

Sampling frequency
Baseband recording rate
Synthetic aperture time

1280 Msps real
80 Msps complex
90 min.

Synthetic aperture length 2,300 km
Cross-range resolution 5m
Area coverage 430,000 km?
Data volume 1,600 Gbyte

through resolution cells called for spotlight, rather than delay-
Doppler imaging techniques [5].

II. EPHEMERIS AND COORDINATE SYSTEMS

The fundamental ephemeris for the Moon’s center of mass
is the JPL developmental ephemeris DE-421 [6]. DE-421 also
defines the Mean Earth or ME lunar reference orientation
frame. A Cartesian coordinate system for lunar mapping,
known as the unified lunar control network ULCN 2005, has
been specified by the U.S. Geological Survey and based on
optical imagery photogrammetry from the Clementine mission
[7]. State vectors for the apparent positions of the transmitting
and receiving deep space network antennas were extracted
from the fundamental ephemeris by two independent software
systems, an internal JPL system and the widely available
SPICE system [8]. Cross-checking of the two products verified
proper formulation of light time corrected state vectors and
predicted Doppler frequencies.

Though the DE-421 base product is integrated in quad
precision floating point, the end-user software systems em-
ploy double-precision floating point only. For the 3.5 cm
wavelength of the radar at standoff ranges of several hundred
thousand kilometers, the numerical noise in representing time



and positions causes unwanted phase noise or increased mul-
tiplicative noise ratio (MNR) in the final imagery products. To
mitigate these issues, polynomial smoothing is applied to the
output state vectors.

III. RANGE COMPRESSION

The transmitter emits linear FM pulses at a constant pulse
repetition rate. Since the round-trip travel time to the Moon
changes with time, the received signal is a distorted version
of the transmitted chirp. For example, if we time tag the
beginning of each chirp at a rate of 12.5 msec on the transmit
side, the associated receive time tags are not evenly distributed.
Conversely, if we time tag the received signal at a constant
rate, the associated transmit time tags are not at constant
rate. Since the propagation delay of several seconds is quite
long compared to the pulse interval, careful accounting of
time is required to match the received pulse records with the
ephemeris.

A. Fast-time Doppler Removal

A set of time tags are defined as follows:

tL (n) : Transmit based transmit time tag array
t% (n) : Transmit based receive time tag array
tf (n) : Receive based transmit time tag array
t2 (n) : Receive based receive time tag array

The subscript ;,, and ., mean that the quantity is at transmitter
and receiver respectively, and the superscript 7 and * mean
that the time tags are based on, or specified at, the transmitter
and receiver respectively. If the subscript and the superscript
match, the quantity is specified (i.e. independent variable).
If they do not match, the quantity is calculated based the
time tags on the superscript’s station (i.e. dependent variable).
Note that if t1 (n) and tZ (n) have constant intervals, then
their pairs, t2,(n) and tf (n), do not have constant intervals.
The time tags used in the range compression process are
tr (n), tL.(n), and tE (n). tL. (n) are at the start time of each
transmitted chirp, thus t7, (n+1)—tL (n) = 12.5 msec. 2, (n)
are receive time tags of radar signal that were transmitted at
tI (n). Finally, t2 (n) are the nearest data sample to tZ (n).
Also note that the first two and the last two are related as
follows:

(n) = tf,(n) + At (n) (1)

where At?(n) is the round trip time of a chirp that is
transmitted at time ¢7, (n), and At®(n) is the round trip time
of a chirp that is received at time tZ (n). These two quantities
are estimated from Chebyshev polynomials, whose coefficients
are given in the ephemeris files.

In order to derive the effect of the round trip time on the
received signal and its relationship to Doppler frequency, let
us consider continuous time t;, and t,,. They are related to

each other as

th =tl + AtT (1) )

x

th =8 — Atf(t,,) (3)

for transmit based and receive based respectively. Here trans-
mit based means that the time 7, is marching at a constant
rate, but tZ is not, due to the time varying AtT (¢,,). Receive
based means that the time tf'z is marching at a constant rate,
but t2 is not.

The basic concept and notations are adapted from prior JPL
work. For a waveform, m(t), modulating a radio frequency
carrier at f. the transmitted signal is

Xt (ter) = m(tes) 12T fetinto)

where ¢, is a constant, but unknown, phase offset. Then let
x,(t-) be a point target response, the received signal bounced
at an ideal point target located at the antenna’s aim point
on the moon. Because the received signal x, at time ¢,, is
the transmitted signal x; at time ¢;,, either transmit based or
receive based,

z(t) = w(ti) )
— m(tfi) ei(Qchti+¢o) (5)
- m(t,{i) (2 fe (b7 = AT (tr0)) +¢0) (6)
_ m(tﬁg) eizwfctﬁ 67i27rchtR(tm) eito 7)

Then the received signal is basebanded to remove the carrier
frequency.

B. Data Interpolation and Matched Filtering

After the Doppler frequency is removed, the data can be
considered a baseband chirp signal. This signal is matched-
filtered with the reference chirp. Because of the time drift,
however, care must be taken to ensure that the time tags of
the received signal and the reference chirp are matched.

This can be done in two different ways. First, the receive
based approach can be used to calculate the transmit time tags,
tf (n), and retrieve chirp samples at these time tags. That
is, the transmitted chirp is resampled to match the received
chirp. This approach has an advantage that the resampling
process does not involve interpolation, because samples of the
reference chirp can be generated from an analytical function.
The reference chirp is in effect “customized” to the expected
echo from a single resolution cell on the moon, but this
customized warping of the chirp may not match very well the
responses from other resolution cells in the radar footprint.

Alternatively, a transmit based approach can be used to
calculate the expected arrival time (i.e. tZ,) of the pulse.
Here, the received data must be interpolated to match a single
baseband reference chirp. This approach has an advantage
of keeping the transmitted chirp unchanged throughout the
whole image. However, resampling the data involves expensive
calculations.

Through examination of both approaches with real data sets,
it was found that the transmit based approach produces images
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Fig. 1. Predicted out of plane motion, showing the maximum deviation

from planar motion as a function of collection time (a) and phase errors for
a collection of 45 minutes (b) for the lunar imaging geometry. The quadratic
surface depicts out-of-plane motion, where range wavenumber is proportional
to radio frequency and azimuth wavenumber is proportional to pulse index.

of better quality than the receive based approach does. While
applying this transmit based approach, we used frequency-
domain sinc interpolation based on the Fourier shift theorem,
to avoid expensive time-domain interpolation. Time domain
shift ¢gni¢¢ of fractional sample values can be accommodated
by multiplying a phase ramp in frequency domain as shown
in the following Fourier transform pair [9]

g(t - tshift) D G(f) et ftsniee ®)
Here G(f) is the Fourier transform of ¢(t). The shift is

uniformly applied to each pulse record.

IV. SPOTLIGHT-MODE IMAGING
The standoff range and fine resolution of the system place
stringent requirements on the accuracy of the synthetic aper-
ture focusing function. Sources of phase error and defocus

include: i) relative motion knowledge errors between the radar
antennas on the surface of the Earth and the ground reference
point on the lunar surface, and ii) terrain elevation variation,
due to motion of antenna phase centers out of the slant-plane.
Two spotlight-mode synthetic aperture imaging algorithms
have been applied to the data.

A. Polar Format and Autofocus

The first approach follows the standard polar format algo-
rithm from the literature [10], [11], with a 35 dB Taylow win-
dow for sidelobe suppression, followed by a unique autofocus
algorithm. Out of slant-plane motion analysis was applied to
the lunar ephemeris data for a 45 minute aperture. The out
of plane correction allows scatterers in a single arbitrary focal
plane to be brought in focus. All scatters outside the focal
plane will suffer from a predictable, but unavoidable phase
error proportional to their distance from the focal plane. The
focal plane is chosen to be the plane tangent to the nominal
Lunar sphere with its origin at the aim point. The choice of
focal plane, and aim point, can be adjusted to any desired
position and orientation during the polar format processing.
Figure 1 depicts the effect of the motion. The quadratic
shape is primarily a function of azimuth wavenumber, with
a (not shown) much smaller secondary dependence on range
wavenumber, or RF frequency. For a 45 minute collection
of the Lunar South Pole, the model predicts 0.476 degrees
of quadratic phase per meter or equivalently 476 degrees of
quadratic for each km of scatterer displacement from the focal
plane. This error scales quadratically with the resolution of the
image.

Since the out of slant-plane motion could be predicted by
the ephemeris, re-sampling of the data in the range-dispersed
domain removed a bulk phase error component. However,
correcting phase errors due to the topographic deviation from
the image focus plane, which can be +6 km at the South
Pole, requires autofocus techniques. The autofocus routines
developed have both quadratic (parametric) and nonparametric
phase gradient class estimators. The algorithm partitions the
image into a grid of sub images and focuses each sub image,
as shown in Figure 2.

B. Time-domain Backprojection

As a second type of image formation, the standard time-
domain backprojection algorithm from the literature was
employed [12], [13]. All pulse time delays were converted
into distances in the Mean-Earth Cartesian XYZ frame, and
backprojection took place in this frame. Due to the separa-
tions of the transmitting and receiving antennas, full bistatic
backprojection, rather than the monostatic approximation, was
employed.

Since the backprojection algorithm is order N3, consider-
able speedup was achieved by programming the algorithm
to run on a multi-core shared memory computer with the
OpenMP parallel programming standard [14]. As a selectable
parameter, a Hamming window was applied across the syn-
thetic aperture to reduce cross-range sidelobes. To compensate



Fig. 2. Radar image near the Moon’s south pole, processed to 8.7 m azimuthal
resolution via the polar format algorithm followed by autofocus.

500m

Fig. 3. Radar image of an area near the Moon’s north pole, processed to
5 m resolution via the time-domain backprojection algorithm.

for topographic height variations from an ideal reference
surface, the backprojection employed a 250 m resolution
digital elevation model of the moon from the laser altimeter
on the Japan Aerospace Exploration Agency Kaguya/SELENE
mission [15]. An example of the resulting imagery is shown in
Figure 3. Applying standard two-element interferometry [16],
topographic height information is extracted from the data as
shown in Figure 4.

V. SUMMARY

The upgraded data processing and imaging systems for the
Goldstone solar system radar are supporting 4 m imaging of
the lunar surface. Future products enabled by this new system
include topographic mapping through radar interferometry, and
change detection techniques (amplitude and coherent change)
for geolocation of the NASA LCROSS mission impact site.
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Radar interferogram of the floor of Cabeus A crater in the south
polar region.
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