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Abstract We describe the ﬁrst demonstration of a Southern Hemisphere planetary radar system to
detect two near-Earth asteroids (NEAs). The demonstration was conducted in a bistatic manner, with the
70 m antenna of the Canberra Deep Space Communications Complex transmitting at 2.1 GHz and reception
at the Parkes Radio Telescope, outﬁtted with multiple receivers, and the Australia Telescope Compact
Array. This initial system was used to detect the NEAs (43577) 2005 UL5 and (33342) 1998 WT24 during
their close approaches in 2015 November and 2015 December, respectively. We describe the performance
of the system and consider future possibilities using other antennas of the Canberra Deep Space
Communications Complex as transmitters.
Plain Language Summary

Planetary radar uses large radio dishes to transmit and receive radar
signals oﬀ distant objects in the solar system. Careful processing of these signals over periods of several
hours allows researchers to very accurately determine orbits, measure rotation rates, and in some cases to
map surface features. In the past all of these activities have been performed with assets in the Northern
Hemisphere. This paper details the ﬁrst use of a Southern Hemisphere network for this task. The 70 m
dish at the NASA/JPL/CSIRO complex at Tidbinbilla in Canberra, Australia, was used as the transmitter, and
the Parkes and Narrabri radio telescopes were used as receivers to successfully detect and track asteroids.
A Southern Hemisphere network allows asteroids approaching from the south to be observed, ﬁlling in a
blind spot in our existing capabilities.

1. Introduction
Radar observations have been used to probe the surfaces of all of the planets with solid surfaces and many
smaller bodies in the solar system (Ostro, 2007). Notable ﬁndings include characterizing the distribution of
water at the south pole of the Moon (Campbell et al., 2003; Stacy et al., 1997), the ﬁrst indications of water ice
in the permanently shadowed regions at the poles of Mercury (Harmon et al., 1994; Slade et al., 1992), polar
ice and anomalous surface features on Mars (Muhleman et al., 1991), establishing the icy nature of the Jovian
satellites (Ostro & Pettengill, 1978), and the initial characterizations of Titan’s surface (Muhleman et al., 1990).
More recently, there has been considerable interest in using radar observations both to characterize
near-Earth asteroids (NEAs) and determine their orbits precisely. The motivation for radar observations of
asteroids is threefold. First, asteroids represent primitive remnants of the early solar system and characterization of their properties can provide insights into their evolution and parent population(s); second, precise
knowledge of their orbits is essential to assess the extent to which they might represent impact hazards
to the Earth (Committee to Review Near-Earth-Object Surveys, 2010); and, third, they represent targets for
exploration by spacecraft (e.g., Chesley et al., 2014), both robotic and crewed.
©2017. American Geophysical Union.
All Rights Reserved.
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Ostro and Giorgini (2004), Giorgini et al. (2008), Giorgini, Slade, et al. (2009), Giorgini, Benner, et al. (2009),
and Naidu et al. (2016) have presented analyses of the performance of the current planetary radars (Arecibo
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and the Goldstone Solar System Radar (GSSR)). Among their conclusions are that the current planetary radars
can reduce orbit uncertainties by as much as a factor of 105 , with the potential beneﬁt of extending the duration over which impact hazard assessment can be made by a factor of 5. Giorgini et al. (2008), Giorgini, Slade,
et al. (2009), and Giorgini, Benner, et al. (2009) noted that a Southern Hemisphere radar capability could double
the number of objects capable of being detected by virtue of having additional observing time, while Naidu
et al. (2016) conducted an analysis based upon the performance of the antennas used in this demonstration
and found a potential increase of 50% for the number of asteroids that could have been observed in 2015.
Further, being able to track an asteroid from the Northern Hemisphere into the Southern Hemisphere (or vice
versa) would improve the physical characterization, for example, by improving estimates of an asteroid’s pole
directions due to increased sky motion during radar observations relative to what can be done solely from the
Northern Hemisphere. (In order to take full advantage of this beneﬁt, the typical signal-to-noise ratio has to
be greater than about 20.) There is also a secondary beneﬁt in that the peak signal-to-noise ratios can occur in
the Southern Hemisphere, with a recent example being the close approach of (5604) 1992 FE. While Northern
Hemisphere observations are often possible, the signal-to-noise ratios can be factors of several lower. Finally,
based on a series of simulations, Giorgini et al.(2008), Giorgini, Slade, et al. (2009), and Giorgini, Benner, et al.
(2009) conclude that there is a small, but nonzero, fraction of the potentially impacting population for which
their orbits do not allow radar observations from the Northern Hemisphere; notably, Naidu et al. (2016)
identiﬁed 2015 BP509 as a speciﬁc example of an asteroid that was not observable by any Northern Hemisphere radar-capable telescope during its Earth close approach in 2015. While not classiﬁed as potentially
hazardous, it illustrates the potential value of a Southern Hemisphere system.
As a ﬁrst demonstration of a Southern Hemisphere radar capability, we identiﬁed two NEAs likely to produce
suﬃciently strong radar echoes to warrant a demonstration for a Southern Hemisphere capability. The ﬁrst
target was the asteroid 2005 UL5, which was discovered by the LINEAR survey and has an estimated diameter
of 300 m based on its brightness and assumed albedo. Analysis of light curves indicate that this object is a
nonprincipal axis rotator with fundamental periods of 3.5 h and 5.1 h (P. Pravec, private communication, 2015),
though it is not clear if it is a short-axis mode or a long-axis mode rotator. It has an Sq classiﬁcation, and its
closest approach was on 20 November 2015, when it came within 0.0153 AU (= 5 lunar distances). Based on
its orbit, it is classiﬁed as a potentially hazardous asteroid (PHA).
The second asteroid, 1998 WT24, had a closest approach to the Earth on 11 December 2015, when it came
within 0.028 AU (= 10.9 lunar distances). It is an E-class asteroid, and previous observations showed a polarization ratio characteristic of a rough surface (Busch et al., 2008). It was a particularly compelling target for this
demonstration, as it approached from the south and represents an example of how a Southern Hemisphere
planetary radar capability would enable the earlier detection of asteroids.
The asteroid 1998 WT24 was studied extensively during an even closer ﬂyby in 2001 December (Busch et al.,
2008), when it represented the highest signal-to-noise ratio radar target ever detected. The rotation period
(3.7 h) and a detailed shape model were obtained, with notable features of the radar observations showing a rounded shape with two large concavities on one hemisphere, with an eﬀective diameter of 415 m,
and a rough surface including possible evidence for a boulder in delay-Doppler radar images. At that time,
1998 WT24 was also the target of two bistatic radar demonstrations in Europe, one involving the GSSR and
Medicina and one involving Evpatoria and Medicina (Di Martino et al., 2004).
The plan of this paper is the following. In section 2, we describe the antennas used in the demonstrations
and the plan of the observations; in section 3, we present the results of our eﬀorts to detect these two asteroids; and in section 4, we present our conclusions and projections for future Southern Hemisphere radar
observations.

2. Observations
We employed a bistatic approach, using the transmitter of Deep Space Station 43 (DSS-43), the 70 m antenna
at the Canberra Deep Space Communications Complex, with reception at both the Parkes Radio Telescope
and the Australia Telescope Compact Array (ATCA).
Table 1 summarizes the observations, which were conducted over the course of several days in 2015
November and December. While all of the antennas are well known, their use in this fashion is novel, and, for
completeness, we describe their characteristics as they apply to being either the radar transmitter or receivers
used in this demonstration.
BENSON ET AL.
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Table 1
Observation Log

Target
2005 UL5

1998 WT24

Day of

Δt

RA

DEC

Distance

POS

PTX

Receiving

Date

year (DOY)

(UTC)

(deg)

(deg)

(AU)

motion (deg)

(kW)

antenna

19 November 2015

323

18:00–22:00

155.7

−09.4

0.016

6

75

Parkes

21 November 2015

326

01:15–05:05

204.6

−11.6

0.018

7

75

Parkes, ATCA(1.5A)

9 December 2015

343

11:00–14:55

78.3

+00.2

0.030

2

75

Parkes

10 December 2015

344

12:00–15:20

68.4

+01.8

0.028

1.3

75

Parkes, ATCA(750C)

Note. Both right ascension (RA) and declination (DEC) are speciﬁed for the middle of the observing interval and are in the J2000 epoch; the distance is also speciﬁed
for the middle of the observing interval; the plane-of-sky (POS) motion is determined from the start of the track to the end; and the transmitter power (PTX ) is the
average value during the transmissions.

As the radar transmitter, we used the S-band transmitter on DSS-43, the largest steerable antenna in the
Southern Hemisphere. Deep Space Network Document 810-005 (2015) provides a comprehensive description
of the capabilities of DSS-43; we summarize here key characteristics for this radar demonstration. The S-band
transmitter is used routinely for commanding and ranging to spacecraft and operates between 2110 MHz
and 2118 MHz, in the spectral allocation for spacecraft uplinks, with a theoretical maximum of 400 kW of
transmit power in either circular polarizations (right-circular polarization (RCP) or left-circular polarization
(LCP)). The resulting antenna gain is 63 dBi. The transmitted power in this activity was approximately 75 kW,
which is 7.3 dB lower than the 400 kW maximum possible power due to derating of the transmitter, which is
mission critical to other programs. Furthermore, powers greater than 100 kW will require additional aircraft
safety negotiations. Further, system health considerations led us to restrict the transmitted signal to be a simple continuous wave mode, in contrast to the more complicated signal modulations that are possible at the
Goldstone Solar System Radar, which can also transmit 500 kW (GSSR, Slade et al., 2011). The typical pointing
accuracy at S-band is 4 millidegrees (14.4′′ ), which was found to be adequate for both targets; for reference,
the half power beam width at this frequency is 128 millidegrees. At the time of the observations, the uncertainty in the predicted plane-of-sky position of 2005 UL5 was 5.7′′ (3𝜎 , JPL orbit solution #40), while that of
1998 WT24 was 1′′ (3𝜎 , JPL orbit solution #125). These pointing uncertainties were derived from the statistical
orbit solution’s measurement covariance matrices mapped to the time and location of the observations.
Using the asteroids’ predicted trajectory, the DSS-43 transmitter frequency was continuously adjusted such
that the received echo frequency at Parkes would arrive at a constant nominal reference value, essentially
compensating on signal uplink for the predicted Doppler frequency shift caused by the asteroid’s motion relative to the transmitter and receiver sites. Due to the separation between Parkes and the ATCA on the rotating
surface of the Earth, it was not possible to compensate the transmitter frequency for both receivers simultaneously since they experience diﬀerent frequency shifts. The choice to compensate for Parkes was because it
has a higher eﬀective collecting area and, for a ﬁrst attempt, the focus was on demonstrating the capability.
The receiving antenna used for all of the observations was the 64 m diameter Parkes telescope. These
observations made use of one of two wideband feed horns originally built to support Project Phoenix, and
the standard (cryogenically cooled) 13 cm receiver (dubbed “Galileo,” as it was built to support the tracking of the Galileo spacecraft). This receiver-feed horn combination has a nominal bandwidth of 2200 MHz
to 2500 MHz but has useful sensitivity as low as 2000 MHz. The slight decrease in sensitivity below 2200 MHz
was judged less important than uncertainties in the radar albedos of the targets in planning this demonstration. The system equivalent ﬂux density (SEFD) at the receiver frequency of 2114 MHz was measured as
38 jansky (Jy, 10−26 W m−2 Hz−1 ) in each of two circularly polarized outputs, and the beamsize (full width half
power) is 10.2′ .
The Parkes telescope’s standard signal transport system was used to transport the receiver outputs to the
control room located in the telescope tower and to provide suitable down-converted outputs for the three
recording devices used. All timing and frequency systems within the telescope are locked to an Smithsonian
Astrophysical Observatory Hydrogen maser frequency standard. A single polarization (LCP) down converted
to 325 MHz was recorded with the Portable Radio Science Recorder (PRSR, Rogstad et al., 2009), provided by
Canberra Deep Space Communications Center (CDSCC) for these observations. Additionally, the Observatory’s
BENSON ET AL.
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Figure 1. Radar proﬁles of 2005 UL5 obtained by the DSS-43-Parkes system on 19 November 2015 (DOY 323), for the opposite sense of polarization (OC).
Each panel shows the proﬁle averaged over 30 min; the PRSR recorder as analyzed at JPL is shown in black, and the 8 bit VLBI recorder as analyzed by UNSW
Australia and the DST Group is shown in red. For all panels, the received echo frequency, relative to the predicted echo frequency, is shown on the abscissa,
and the (relative) radar echo power is shown on the ordinate. The frequency resolution is 0.05 Hz, and the radar echo powers are shown in units of the standard
deviation of the noise power in the return spectra. There is a clear echo, the shape of which changes over the track, and there is general agreement between the
two proﬁles, from the independent analyses. Not shown are the 2 bit VLBI proﬁles as they are substantially inferior in quality, due to the lower bit depth and
diﬃculties in excising RFI.

standard very long baseline interferometer (VLBI) recording system (Phillips et al., 2009) was used to record a
4 MHz bandwidth in dual polarization with two Long Baseline Array Data Recorders (LBADRs). One recorder
was conﬁgured for 2 bit sampling in the standard manner used for VLBI observations (Edwards & Phillips,
2015), while the other was a new conﬁguration for 8 bit sampling, intended to more closely match the PRSR.
Data being recorded by both VLBI recorders were monitored in real time.
Following ampliﬁcation, frequency ﬁltering, and down conversion, the received signals were stored as 8 Msps
real signals, with a nominal passband of 0 MHz to 4 MHz. The frequency ﬁltering and oﬀsets were designed
to place the expected return in the middle of this passband (i.e., centered at 2 MHz).
One of the goals of these tests was to determine whether the existing VLBI baseband recording system oﬀered
a useful adjunct or alternative to the PRSR. In particular, the PRSR is often used in conjunction with spacecraft
missions, meaning that any future observations using it would have to be coordinated with other missions.
By contrast, the LBA recording system at Parkes is standard and would be much easier to schedule. Further,
although the reﬂected asteroid signal was expected to be predominantly LCP (for an RCP transmitted
signal), the dual-polarization capability of VLBI recorders oﬀers the potential of capturing additional information about the characteristics of the reﬂecting surface.
BENSON ET AL.

SOUTHERN HEMISPHERE PLANETARY RADAR

1347

Radio Science

Figure 2. Averaged signal power of 2005 UL5 by the DSS-43-Parkes system
on 21 November 2015 (DOY 326). The format is similar to Figure 1, but
a return echo was detected only with the PRSR recorder and has been
averaged over the entire observation to improve clarity. The vertical scale
is an average of the standard deviations. The absence of a detection with
the VLBI recorder is likely due to a change in its conﬁguration between
the two days.

10.1002/2017RS006398

The Australia Telescope Compact Array (ATCA) is located on CSIRO’s Paul
Wild Observatory, between the towns of Narrabri and Wee Waa in New
South Wales. It is an interferometer consisting of six 22 m diameter, fully
steerable parabolic antennas with Cassegrain optics. Five of these antennas can be moved along a 3000 m east-west track and a 214 m north-south
track that connects to the east-west track. The conﬁguration of the antennas is changed roughly once every 3 weeks. For the observations on 22
November, the ATCA was in its 1.5A conﬁguration for which the maximum
separation among the ﬁve track antennas was 1469 m. For the observations on 10 December, it was in its 750C conﬁguration, and the maximum
separation between the ﬁve track antennas was 750 m. For both sets of
observations (and likely any future observations), the inner ﬁve antennas were phased together, adding coherently the signals from each, to
improve sensitivity; the sixth antenna was suﬃciently distant that the
phase stability did not allow it to be used. The combined collecting of
the ﬁve antennas is equivalent to a single antenna with an approximate
diameter of 49 m.

The NEA observations used the cryogenically cooled 16 cm receiver, which
covers the frequency range 1.1 GHz–3.1 GHz. Each antenna has a system
equivalent ﬂux density (SEFD) of 324 Jy in each of the two linearly polarized outputs, but when the outputs
from ﬁve antennas are combined, this sensitivity improves to 65 Jy. When combined, the signals are also converted from linearly polarized to circularly polarized. The beamsize (full width half power) is 22.2′ per antenna,
at the frequency of 2114 MHz used in these observations. When the array is combined, this beamsize is determined by the maximum extent of the array. For the observations of 2005 UL5, the beamsize was approximately
20′′ × 23′ , with the position angle rotating as the observations proceeded; for the observations of 1998 WT24,
the beamsize was approximately 40′′ × 23′ , with the position angle also rotating during the course of the
observations.

3. Results
Processing of both the PRSR and VLBI format data from Parkes proceeded in a similar manner. For both polarizations, the baseband data were transformed to the frequency domain, using a coherent processing interval
suﬃcient to provide resolution across the expected echo bandwidth. Diﬀerent frequency resolutions were
assessed, and, for many of the results presented, a coherent processing interval of 20 s was used, from which
a frequency resolution of 0.05 Hz was obtained.
The noise ﬂoor in the received signal varied during the observations, probably as a receiver response to strong
radio frequency interference (RFI) that was within the receiver bandwidth but well separated from the asteroid
return. The noise ﬂoor and received signal amplitude varied in unison by up to 10 dB over the course of an 8 h
observation. As a result, the amplitudes of the spectra were normalized by the mean noise level, determined
well outside the expected band over which asteroid echoes might be occurring. Further, a small amount of
data was excised to account for RFI. The RFI manifested itself as signiﬁcant changes in the shape of the echo
or by the presence of a strong signal at 0 Hz and was particularly noticeable in the Parkes data around a time
of 20:00 on 19 November 2015 (DOY 323). These RFI-aﬀected data were excised and not used subsequently
for the results presented here.
The individual spectra were then accumulated noncoherently over a suﬃcient duration to detect the echo
from the asteroid. We found that a reasonable integration time was 30 min, suﬃcient to build up enough
signal-to-noise ratio to detect the echo but also with suﬃcient time resolution to observe changes in the
proﬁle of the echo. Figures 1 and 2 show the resulting proﬁles of 2005 UL5 as measured at Parkes for
19 November 2015 (DOY 323) and 21 November 2015 (DOY 326); for 19 November 2015 (DOY 323), where
the signal-to-noise ratio is high enough to justify showing time-resolved proﬁles, while on 21 November 2015
(DOY 326) the proﬁles are signiﬁcantly lower signal-to-noise ratio, consistent with a larger distance to the
asteroid (0.016 AU versus 0.023 AU). The DOY 326 signal is so weak that we do not claim it as an unambiguous
detection.
BENSON ET AL.
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Table 2
Time-Resolved Doppler Bandwidths and Estimated Sizes for 2005 UL5
Doppler width (PRSR)

Doppler width (VLBI)

Start time

(Hz)

(Hz)

18:00

1.30

1.20

18:30

1.15

0.90

19:00

1.10

1.00

19:30

1.90

1.20

20:00

1.75

2.15

20:30

1.20

1.05

21:00

0.75

0.70

21:30

1.10

0.90

Note. The rotation of 2005 UL5 is an open question, so we do not convert
these Doppler spreads into size estimates.

Clearly apparent in Figure 1 is that the proﬁles show changes over the
course of the track, consistent with the radar cross section changing as
the object rotates. The processing of the signals from the PRSR and VLBI
recorders was done independently, and, it is also clear that on 19 November
2015 (DOY 323; Figure 1), the proﬁles obtained by the independent analyses
show good agreement although the strong return between 20:00 and 20:30
may be augmented by RF interference and should be treated with caution.
Unfortunately, no echo is detected in the VLBI recorder on 21 November
2015 (DOY 326), likely due to a conﬁguration change in this recorder
between the two observations.
We integrated the proﬁles to obtain the disk-averaged radar cross section
𝜎 , following the approach of Benner et al. (1999). We ﬁnd an approximate
value of 9×10−3 km2 . By comparison, J. Richardson (private communication,
2015) reports a value of 3.85 × 10−3 km2 from observations at Arecibo conducted 2 days earlier. Uncertainties on 𝜎 can approach 50% due to various
calibration uncertainties, and we therefore regard the diﬀerence between
the two estimates as not signiﬁcant.

We make measurements of the Doppler width of the asteroid to place crude constraints on its size at such
time as a consensus is reached on the rotation rate and axes. Table 2 characterizes the asteroid’s size by the
Doppler width, determined by the band over which the return exceeds two standard deviations.
The contemporaneous delay-Doppler images obtained by the Goldstone Solar System Radar reveal an object
with a long axis of about 300 m and an elongation of about 1.5. The Doppler width values determined by
the DSS-43-Parkes system are in good agreement, particularly given the lower signal-to-noise ratios. Further,
bandwidth variations of several tens of percent are reasonable given that the interval spanned by the
observations covers about 4 h, comparable to the possible rotation period of the asteroid.

Figure 3. Radar proﬁle for 2 s coherent integration in 30 min blocks starting at 1055 UTC top right through to 1325 UTC
at bottom right, from the DSS-43-Parkes observation on 9 December 2015 (DOY 343), in a format similar to Figure 1.
Vertical axis is standard deviations; horizontal axis is hertz. Small data segments aﬀected by RFI have been excised.

BENSON ET AL.
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Figure 3 shows the detection of 1998 WT24 at Parkes. Although the signal-to-noise ratio is poor, the accumulated signal strength is 2–5 standard deviations over each 30 min window, and a noncoherent addition across
the entire observation is even stronger.
Finally, neither object was detected in the data recorded at the ATCA. The ATCA is somewhat less sensitive
than Parkes, and we attribute the nondetections to the signals being suﬃciently marginal that they were
not detected. When combined into a tied array, the ﬁve 22 m diameter ATCA antennas are equivalent to an
approximately 49 m aperture, resulting in the ATCA being only approximately 60% as sensitive as Parkes.
Further, the phasing itself is likely to introduce small additional sensitivity losses (∼10%). For these observations, the uplink signal was Doppler shifted so that the return frequency at Parkes was eﬀectively constant.
Being at a slightly diﬀerent location, the signal did drift slightly through the receiving band pass, potentially
introducing additional small losses. Finally, the predictions for the ATCA tracking positions were computed in
a diﬀerent manner than those for Parkes, which may have led to a pointing oﬀset and additional losses. This
combination of reduced sensitivity and additional small processing losses is the likely explanation for the nondetection by the ATCA. Furthermore, prior to the observations, a “Moon bounce” experiment was conducted
to calibrate Parkes. The ATCA was not available to participate in this calibration, which could have shown
whether an unrecognized aspect of the ATCA conﬁguration is responsible for our lack of a detection. Future
asteroid radar attempts using ATCA will include a scheduled Moon bounce to conﬁrm correct operation of the
receiving system.

4. Conclusions
We have demonstrated that the detection and study of near-Earth asteroids from the Southern Hemisphere is
feasible. Using a bistatic radar approach, we transmitted from Deep Space Station 43 (DSS-43) at the Canberra
Deep Space Communications Complex and received with the Parkes Radio Telescope. We detected echoes
from both 2005 UL5 and 1998 WT24, the latter being notable because it approached from the south, thereby
exemplifying the beneﬁts of having a Southern Hemisphere capability.
There are a number of possible approaches to extending our initial demonstration. First, in principle, the
DSS-43 transmitter can transmit with a maximum power of 400 kW. Transmitting at higher powers than we did
in this initial demonstration would require consideration of the health of the DSS-43 S-band transmitter and
the impact of any transmitter failure on other science missions, as well as radiation clearance to coordinate
with any nearby aircraft as approach ﬂight paths to the Canberra Airport can pass close to the CDSCC.
Naidu et al. (2016) have considered the relative performance of various radar systems (both monostatic and
bistatic). Among the systems that they considered was the one that we demonstrated here, DSS-43-Parkes.
They showed that for the year 2015, nearly 50 NEAs were in principle detectable by this system. While some of
these would have also been detectable by one or more of the Northern Hemisphere radar systems, their analysis illustrates that a Southern Hemisphere capability could increase the number of objects tracked. Notably,
in 2017, (3122) Florence, which is both one of the largest NEAs and a PHA, will approach from the south, reaching as close as 0.05 AU to the Earth. Perhaps ﬁttingly, (3122) Florence was discovered at the Siding Spring
(Australia) during the U.K. Schmidt-Caltech Asteroid Survey.
In addition to DSS-43, there are now three 34 m diameter antennas at CDSCC, equipped with transmitters
that operate at 7.1 GHz.(This frequency is in the spectral allocation for Earth-space communications and,
in DSN parlance, is termed “X-band” because the corresponding space-Earth communications allocation is in
the X-band, though in more general use it would be called “C-band.”) One of these 34 m antennas may provide
an additional capability, beyond that of DSS-43. The standard DSN 34 m antenna is equipped with a 20 kW
X-band transmitter. If one of these antennas were to be used as the transmitter, the ATCA would have to be
the receiving system, as Parkes does not have a receiver that covers this frequency. We estimate that this DSN
34 m-ATCA combination, for a 20 kW transmitter, would have a sensitivity approximately a factor of 4 less than
the DSS-43-Parkes (S-band) system. Further, this discussion also assumes that the ATCA recording system can
be used for radar reception, but, given that the ATCA is routinely used for VLBI observations, we are conﬁdent
that future investigations will understand and remedy the diﬃculties encountered here. Moreover, long-term
DSN planning is for at least one CDSCC 34 m antenna to be equipped with an 80 kW transmitter. If realized, an
80 kW, X-band system would be comparable to the system demonstrated here, unless and until the DSS-43
transmitter power can be increased above 100 kW.
BENSON ET AL.
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