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ABSTRACT

Ground-based planetary radars are used to conduct a variety of scientific observations of natural bodies across the
Solar System, with a recent focus on near-Earth asteroids. The planetary science focus on near-Earth asteroids, which
includes aspects of planetary defense, is to characterize their properties and determine their orbits. Some of these
asteroids can approach within 1 lunar distance with sizes of order 10 m and radar cross sections that are 10% of their
geometrical sizes. While the focus of ground-based planetary radars has been scientific, they also have been utilized
for safety and mission assurance of high-value assets in low-Earth orbit (LEO) and in the recovery of spacecraft.

With an increasing focus on the cislunar arena, the utilization of the existing suite of ground-based planetary radars
could be extended to that domain as well. In contrast to the typical asteroid observation, which is conducted in
directions well separated from that of the Moon, cislunar radar observations have to account for the radiated emissions
from the Moon. We describe a set of “use cases” that capture the range of potential observations that could be
conducted and provide illustrations of capability. Further, we distinguish carefully between detection and tracking,
which depend upon the extent to which an object’s ephemeris is known.

We illustrate the system design for a future planetary radar capability that is based on an array of smaller antennas.
Such a planetary radar array would be naturally scalable in capability, but also degrade gracefully. Therefore, it could
have a sensitivity comparable to or exceeding that of the Arecibo Observatory, which collapsed in 2020, while also
being able to access most of the sky much like the operational Goldstone Solar System Radar can.

We summarize the substantial recent progress toward producing large numbers of antennas with diameters of 15 m
to 18 m and demonstrating the feasibility of kilowatt-level solid-state transmitters and amplifiers that could be used in
such an array.

1. INTRODUCTION AND MOTIVATIONS

There is a long history of using powerful ground-based transmitters to conduct planetary radar observations of Solar
System bodies (Figure 1). These planetary 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, delivering information on their spin states and
shapes, improving the knowledge of their (heliocentric) orbits with high-precision radar astrometry, and measuring
dielectric properties of their (near-sub) surfaces [27, 30, 28, 29]. The prime use for the ground-based planetary radar
infrastructure for over the past decade has been to observe near-Earth asteroids (NEAs). In addition to characterizing
the objects, orbit determinations have played a key role in mission design and navigation of spacecraft to asteroids and
assessing Earth-impact probabilities. (Ostro & Giorgini [31] and Giorgini et al. [11] provide a quantitative assessment
of these observations with a specific focus on orbit determination.) The importance of ground-based planetary radar
observations was recognized by multiple findings in the recent National Academies’ Origins, Worlds, and Life Decadal
Survey report.
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Fig. 1: The ground-based planetary radar infrastructure has enabled a variety of discoveries about all of the terrestrial
planets, the Galilean moons of Jupiter, the rings of Saturn, and near-Earth asteroids. This infrastructure also has been
used to conduct statistical studies of orbital debris and track and recover lost spacecraft. (Managing or operating
institutions are noted parenthetically.) While the Arecibo Observatory is no longer operational, there continue to be
scientific results produced from data acquired previously, and it serves as a benchmark against which to compare
possible future capabilities. (Credits: Deep Space Network [DSN]/NASA; Green Bank Observatory [GBO]; Arecibo
Observatory; CSIRO Radio Astronomy Image Archive)

The Goldstone Solar System Radar observes about 40 NEAs per year, most of which approach within 0.1 au (1.5×
1010 m) and are at least a few hundred meters in diameter. Of these, at least a dozen objects per year are targets-of-
opportunity, usually small NEAs, tens of meters in size, approaching within a few lunar distances. One of the smallest
NEAs ever observed was 2006 RH120, with a diameter of approximately 2 m, that was captured temporarily in Earth’s
orbit from 2006 July to 2007 July. This NEA was the first of two “minimoons” identified to date.

In addition to studying planetary bodies, ground-based planetary radars are used for aspects of NASA safety and
mission assurance (SMA). In low-Earth orbit (LEO), operational spacecraft and astronauts face risks from impacts
of “orbital debris,” which range from meter-scale objects such as non-operational spacecraft to sub-millimeter–scale
objects such as flecks of paint. In the most extreme case, orbital debris impacts could lead to catastrophic failure of an
operational spacecraft or the death of an astronaut. Radar measurements are one of the standard data sources used in
risk assessments conducted by the NASA Orbital Debris Program Office (ODPO) [19, 17, 12].

Extending beyond LEO, ground-based planetary radars have been used to track spacecraft in the cislunar arena and
beyond. Notable examples include the recovery of the Solar and Heliophysics Observatory (SOHO),2 for which the
ground-based radar determined the spacecraft attitude; the confirmation that the (defunct) Chandrayaan-1 spacecraft3

was still in orbit [3]; and the observations of objects classified originally as NEAs and later recognized to be defunct
spacecraft.4 The experience with observing small, closely approaching NEAs, in part, motivated studies of radar
observations of cislunar spacecraft such as Chandrayaan-1.

2“SOHO spacecraft located with ground-based radar,”
https://sohowww.nascom.nasa.gov/newsroom/oldesapr/press27.html

3“New NASA Radar Technique Finds Lost Lunar Spacecraft,” https://www.jpl.nasa.gov/news/news.php?feature=6769
4“New Data Confirm 2020 SO to be the Upper Centaur Rocket Booster from the 1960’s,”

https://www.nasa.gov/feature/new-data-confirm-2020-so-to-be-the-upper-centaur-rocket-booster-from-the-1960-s
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Fig. 2: Recent radar observations at cislunar distances. In all examples, the frequency width of the return can be used
as a measure of the object’s rotation while the offset from 0 Hz can be a measure of how well known the object’s
ephemeris is. (right) 2020 SO, “discovered” as a near-Earth asteroid, it was recognized soon thereafter as likely to be
a defunct rocket booster. At the time of this observation, the object was at approximately 2.4 lunar distances. (middle)
Near-Earth asteroid 2019 GC6. Based on its brightness at visible wavelengths, its size is estimated to be 15 m, which
suggests a radar cross-section of about 1.5 m for typical asteroid radar albedos. At the time of observations, this
object was at approximately 0.6 lunar distances. The four panels show successive one-minute integrations, with the
solid lines in each panel showing the radar return in the sense of polarization opposite that which was transmitted
(OC) and the dashed lines showing the radar return in the same sense of polarization (SC). The changes in the width
of the radar return signal likely reflects rotation of the object, while the differences in the power levels between the
two polarizations indicate properties of the asteroid’s surface. (right) Recovery of the lunar-orbiting Chandrayaan-
1 spacecraft, shown as power as a function of both time-delay (range) and the residual Doppler shift. For orbit
determination purposes, the effective range resolution is 37.5 m per pixel and the Doppler shift resolution is 10 Hz.
(From Brozović et al. [3])

As activity increases in the cislunar arena, both robotic and crewed, the need for spacecraft tracking and “orbital
debris” assessments is expected to increase, and there is the possibility for continuing this synergy of scientific obser-
vations and SMA activities (Figure 2). In particular, there is an expectation that larger numbers of small spacecraft
(SmallSats) of meter- or sub-meter–sizes could be present in the cislunar arena. As these SmallSats reach the end of
their operational lives (or fail), they may present challenges in maintaining knowledge of their orbits to ensure that
there are no risks to operational spacecraft, particularly those for crewed missions.

In the remainder of this paper, we describe “use cases” that have been identified in an on-going set of studies focused
on extending SMA capabilities to the cislunar arena, summarize the current capabilities, then look to a potential future
means of improving upon the current capabilities. Throughout, we take 1 lunar distance (1 LD) to be 384,400 km.

2. CISLUNAR RADAR USE CASES

Table 1 illustrates cislunar radar use cases that we have identified and provides some measure of current or near-term
capability. We distinguish between two aspects of these use cases:

Track The objective is to obtain a radar return from a target for which the ephemeris is known in advance and
do so with sufficient signal-to-noise (S/N) ratio to (i) Confirm from the target’s Doppler shift, and ideally a
measurement of its range, that the ephemeris has not changed, or (ii) Use the target’s Doppler shift, and ideally
a measurement of its range, to update the ephemeris. This kind of radar observation is the standard for scientific
observations of NEAs.

Detect The objective is to obtain a radar return from a target with no (or minimal) advance knowledge of its ephemeris
with sufficient S/N ratio to obtain at least the target’ Doppler shift and ideally a measurement of its range.

These two aspects, tracking vs. detection, should be viewed as extremes among a range of possibilities. For instance,
in general, the precision to which the ephemeris of a target needs to be known depends upon its radar cross section—
targets with large radar cross sections can be detected with more poorly known ephemerides than targets with small
radar cross sections.
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Table 1: Cislunar Radar Use Cases
Use Case Capability

Detect Track
Target far from Moon in angular separation
(much farther than diameter of transmit or receive antenna
beams)

2-m 0.6-m

Target > 1 lunar radius in angular separation but receive
beam overlaps Moon by 25%

3 m 1 m

Target > 1 lunar radius in angular separation but receive
beam overlaps Moon by 50%

4 m 1.5 m

Target in front of the Moon
(projected separation from center of Moon < 1 lunar radius
or Moon 100% in beam)

6 m 2 m

Notes: These values assume a Goldstone Solar System Radar-like system (Table 2) for both transmit-
ting and receiving, with an assumed time-bandwidth product of 1 s·1 Hz for detection and 100 s·1 Hz
for tracking. A radar albedo of 10% is assumed, characteristic of asteroids, and a signal-to-noise ra-
tio of 10 is required for both cases. A normal font is used to indicate use cases for which experiments
have obtained results consistent with the projections, though the actual experimental systems have
varied; an italic font is used for projections based on demonstrations to date.

We expand briefly upon these various use cases, and Figure 3 illustrates two aspects of intermediate uses cases. First,
two spacecraft were targeted in the experiment illustrated, one with a well-known ephemeris (Lunar Reconnaissance
Orbiter [LRO]) and one with only an approximately known ephemeris (Chandrayaan-1). Second, both spacecraft
were “close” to the Moon, but neither was in front of the Moon during the radar observation. (These two examples are
among those that confirm the projected performance from the second row of Table 1.)

The case of a target far from Moon in angular separation is the standard case for NEAs. As described above, these are
typically much more distant than the Moon, but there are objects that approach within 1 LD. Moreover, there are orbits
that can carry spacecraft far from the Moon. An exemplar of such orbits is a near-rectilinear halo orbit (NRHO), which
is used currently by the Cislunar Autonomous Positioning System Technology Operations and Navigation Experiment
(CAPSTONE) CubeSat and is the planned orbit for NASA’s Lunar Gateway. Spacecraft in this orbit are approximately
at 1 LD, but can extend as far as 70,000 km away from the Moon, equivalent to approximately 10◦ in angular separation
from the Moon.

The case of a target in front of Moon is challenging in two respects. First, the Moon radiates at radio wavelengths,
producing an effective additional noise contribution and leading to a reduction in sensitivity for the receiving system, an
effect that is well known for communication applications [20, 21]. (Formally, the receiving system noise temperature
increases, viz. §3, eqn. 2 and following text.) For radar observations, the closer that the target is to the Moon, the
larger its radar cross section must be in order to maintain a comparable S/N ratio, all other things being equal. Second,
the radar cross section of the Moon is so large that it will result in a radar return, which must be distinguished from
that of the target.

With respect to distinguishing between the radar returns of the target and the Moon, there are two possible sub-cases.
One possibility is that the target is in a relatively low altitude orbit, e.g., the LRO is on an orbit for which its altitude
varies from as low as approximately 20 km to more than 150 km. These orbits are challenging from a radar perspective
because the time delay between the target and the Moon is small (∼ 0.3 ms). Thus, there is significant power in the
radar return from the Moon, with the challenge of separating it from that of the target.

A second possibility is that the target is well in front of the Moon, for example, near the Earth-Moon Lagrange point 1
(L1), which is approximately 50,000 km in front of the Moon (equivalent to approximately 2×0.17 s round-trip light-
travel time). For these targets, separation of the radar returns from the Moon and the target is much more feasible.
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Fig. 3: Illustration of an intermediate cislunar radar use case. The Moon’s limb is visible in the lower portion of
the figure. The transmit beam of Deep Space Station-14 (DSS-14) is the red circle, and the receive beam of the
Green Bank Telescope (GBT) is the cyan circle; these antennas are described further in §3. The orbit of the Lunar
Reconnaissance Orbiter (LRO) is the light blue curve, and the orbit of Chandrayaan-1 is the yellow curve. In this
experiment, sensitivity of the GBT was affected because it was pointing close to the Moon, and the ephemerides of
LRO was well known while that of Chandrayaan-1 was only approximately known. (From Brozović et al. [3].)

3. CURRENT GROUND-BASED PLANETARY RADAR CAPABILITIES

Table 2 summarizes the current ground-based planetary radar capabilities, with a focus on the transmitting capa-
bilities. The primary facility for ground-based planetary radar observations is the Goldstone Solar System Radar
(GSSR), either operating monostatically or bistatically with a separate receiving asset, which both has the highest
power transmitter and can observe approximately 75% of the sky. Over the past decade, an initial Southern Hemi-
sphere capability, formed by a bistatic combination of the 70 m Deep Space Station-43 (DSS-43) antenna at NASA’s
Deep Space Network (DSN) Canberra Complex and the Australia Telescope Compact Array (ATCA) has been demon-
strated [1, 13]. The Green Bank Telescope is equipped currently only for reception, but there is a funded effort to
develop a transmitting capability for it. Naidu et al. [24] provide further technical details and comparisons between
the various facilities, but, notably, most of this observational capability is based in the United States.

The systems in Figure 1 and Table 2 reflect the challenges associated with obtaining sufficient signal-to-noise ratios
for targets in the cislunar arena and beyond. Specifically, the signal-to-noise ratio obtained at a receiving system, from
a radar waveform transmitted by a transmitting system, is

S/N =
PRX

∆P

√
∆ν∆t, (1)

where PRX is the power received by the receiving system, ∆P is the noise in the receiving system, and ∆ν∆t is the
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Table 2: Planetary Radar Infrastructure
Transmit

System Antenna Transmitter Frequency / Transmit EIRP
Power Wavelength Gain

Goldstone Solar 70 m diameter 450 kW 8.56 GHz 73.7 dBi 11 TWSystem Radar 3.5 cm

Green Bank Telescope 100 m diameter ∼ 500 kW 13.9 GHz 81.0 dBiproposed 2.1 cm
Southern 70 m diameter transmit

+50 m equivalent receive 80 kW 7.19 GHz 72.5 dBi (TX) /
92 dBi (RX) 1.4 TWHemisphere 4.2 cm

Deep Space Station-13 34 m diameter 80 kW 7.19 GHz 67.0 dBi 0.4 TW(Goldstone) 4.2 cm
Notes: The gains listed assume that the system is used in a monostatic mode, in which the same antenna transmits and receives,
such that the gains are the same. The exception is that the Australia Telescope Compact Array (ATCA) is used for receiving in
the southern hemisphere. Its antennas are reconfigurable. The listed value assumes a maximum antenna separation of 750 m;
larger separations would have higher gains.

bandwidth-time product for the observations. In turn, the received power is determined by the radar equation,

PRX =
1

4π
GRX[PTXGTX]λ 2

[
σ

(4π)2R4

]
, (2)

where GRX is the gain of the receiving system, GTX is the gain of the transmitting system, PTX is the power transmitted
by the transmitting system, λ is the observational wavelength, σ is the radar albedo or the radar cross section, and
R is the range or distance to the target. The notable factor of R−4 in the radar equation can be considered to be the
consequence of Huygen’s Principle—the transmitted signal suffers an R−2 loss by the inverse-square law in traveling
to the target, the illuminated surface of the target then reradiates this signal, which suffers an additional factor of R−2

loss upon its return to the receiving antenna.

We now consider the various factors in eqns. (1) and (2), distinguishing between those that are available for optimiza-
tion or under the control of the observer and those that are properties of the target and not under the control of the
observer.

• The noise power in the receiving system is ∆P = kBTsys∆ν , where kB is Boltzmann’s constant (1.380649×
10−23 JK−1), the system temperature is Tsys, and the receiver bandwidth is ∆ν . These factors would seem to be
under the observer’s control. However, in practice, a well-designed system will use cryogenic receivers from
which the noise contribution is approaching fundamental limits. A typical value at the relevant frequencies, for
a target far from the Moon in angular separation is Tsys ≈ 25K, though, as discussed in §2, the Moon’s natural
radiation can be considered to contribute to Tsys and pointing close to the Moon can lead to substantially higher
values (as much as 200 K, or poorer sensitivity). Finally, optimized performance is obtained when the receiver
bandwidth ∆ν is well-matched to the Doppler bandwidth of the target, a topic to which we return below. In
practice, modern receiving systems can obtain values of ∆ν that are comparable to or higher resolution than the
Doppler bandwidth of the target.

• For an antenna of diameter D with aperture efficiency ε operating at a wavelength λ , the antenna gain is
G = 4πAeff/λ 2, with the antenna’s effective aperture being Aeff = επ(D/2)2. Importantly, current single-dish
antennas are at the scale that larger antennas are not a viable approach to obtain substantial improvements in an-
tenna gain: No fully-steerable single dish antenna significantly larger than the GBT has since been constructed
since its completion in the early 2000s. We return to this point in §4.

• Radar experiments are conducted in both monostatic and bistatic configurations. In a monostatic experiment,
the same antenna is used both to transmit and receive, GTX = GRX. A prime benefit of monostatic experiments
is simpler logistics, observations at only a single antenna have to be scheduled as opposed to coordinating
observations at two antennas. In a bistatic experiment, different antennas are used for transmitting and receiving.
While potentially more challenging from the perspectives of scheduling, the observations are easier at each
antenna, which either transmits or receives instead of switching between the two. Indeed, the mechanisms for
switching between transmit and receive typically are the limiting factor in determining whether a monostatic
experiment is even possible: If the switching mechanism takes longer than the round-trip light travel time to the
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target, it simply is not possible to switch between transmit and receive. Historically, the switching time scales
for both the Arecibo Observatory and the GSSR have been longer than 1 s, meaning that observations of objects
closer than the Moon have required bistatic observations.

• The optimum receiving bandwidth, in the bandwidth-time product of eqn. (1), is one that is matched to the
Doppler bandwidth of the target, ∆ν ∝ d/(λP) for an object with a diameter d and rotational period P. Modern
systems can obtain bandwidths of 1 Hz or better, allowing the received signal to be well-matched to the Doppler
bandwidth.

• The integration time, in the bandwidth-time product of eqn. (1), depends upon the characteristics of the target
and the extent to which its ephemeris is known. For objects with well-determined ephemerides and that are
being observed to characterize their properties, integration times could exceed the round-trip light travel times
significantly. By contrast, if the purpose is a detection experiment to assess whether an object is on some
orbit, the integration time should not exceed the time it takes for the object to pass through the transmit or
receive beams, whichever is smaller. (For example, for the detection experiment such as that illustrated with
Chandrayaan-1 in Figure 3, the integration time should not exceed the interval that the spacecraft had spent
within the GBT beam.)

• A common metric for the performance of a radar system, particularly applicable for bistatic experiments, is the
effective isotropic radiated power EIRP = GTXPTX. While we use the EIRP of systems as a metric (Table 2),
there are alternate formulations that parameterize systems by EIRP/

√
∆ν .

All of the systems listed in Table 2 have an operational or planned transmitting capability. Two other key (receive-only)
facilities that have been used in a number of bistatic radar observations are the Very Large Array (VLA, [23, 22, 35, 9])
and the Very Long Baseline Array (VLBA, [5, 6]). There also have been limited experiments with a variety of other
antennas used, largely for reception (e.g., [10, 26]). Further, there are two (receive-only) facilities likely to be available
in the 2030s that could provide substantially higher values for GRX than are available currently for bistatic radar
observations. The Square Kilometre Array Phase 1 (SKA1-Mid), to be sited in South Africa, is planned to be
capable of receiving at the transmit frequencies of the DSN’s Canberra Complex [16], but there will be only limited
common sky visibility. In the northern hemisphere, the proposed next-generation Very Large Array (ngVLA), when
operational in the 2030s, would offer frequency coverage that overlaps with the GSSR (and a GBT transmitter system,
if implemented) and considerable mutual visibility [2].

4. A FUTURE PLANETARY RADAR ARRAY

As illustrated in Figure 1, the traditional approach to compensate for the R−4 factor in the radar equation (eqns. [1]
and [2]), has been to construct large-diameter monolithic antennas with large gain G and equipped with powerful
transmitters.5 At the time that the first planetary radar systems were constructed, this architecture was reasonable, but
the steadily decreasing cost of electronics has led to an array architecture becoming increasingly competitive.

The concept of an antenna array is simple: Combine the signal transmitted and/or received by a collection of “small”
antennas in such a way that the total system performance is equal to that of a much larger monolithic antenna. It
does require careful design and implementation of the signal processing and electronics components to achieve the
theoretical arraying gain, but it is now the standard approach for (receive-only) radio astronomy telescopes.6 Moreover,
radio astronomical arrays have been used to receive radar transmissions [23, 22, 35, 9, 42], and the ATCA is a standard
part of the Southern Hemisphere system (Table 2).

Several reasons motivate a focus on an array of ground-based antennas for a future planetary radar system: First, large
monolithic antennas are expensive to build, operate, and maintain, especially when large sky coverage is required.
Several independent studies have evaluated the trade between antenna diameter and number of arrayed antennas [36,
18, 4, 33, 34]. Consistently, they have shown that large monolithic antennas have a significantly larger life-cycle

5An alternate approach, not considered here, is to place either the transmitter or receiver close to the target body, thereby modifying eqn. (2) to
have an approximately R−2 dependence. This approach does have some advantages, but also disadvantages that need to be evaluated carefully such
as spacecraft lifetime and accessibility to targets of interest.

6Sir Martin Ryle shared the 1974 Nobel Prize in Physics for his efforts to develop the techniques related to the use of multiple antennas in radio
astronomical arrays.
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cost than arrays of smaller antennas, a conclusion that is reflected in actual practice as the DSN and other ground-
based science observatories (e.g., the Very Large Array [VLA], the Very Long Baseline Array [VLBA], the Australia
Square Kilometre Array Pathfinder [ASKAP], the Karoo Array Telescope [MeerKAT]) have invested in technologies
associated with arraying antennas. It is also notable that, with the exceptions of the Sardinia Radio Telescope (SRT,
65 m) and the Qitai Radio Telescope (QTT, planned 110 m), large-diameter, fully-steerable radio telescopes generally
are not planned for future radio telescopes; the Five-hundred meter Aperture Spherical Telescope (FAST), while the
largest single radio aperture, is limited in the fraction the sky that it can observe, as its architecture is similar to that
of the former Arecibo Observatory. Second, arrays of antennas offer significant advantages in terms of capability
degradation due to the planned or unplanned maintenance, so-called “graceful degradation.” Indeed, when a large
monolithic antenna needs to be serviced, the entire system capability is temporarily lost. In contrast, an array of
antennas simply experiences a temporary service degradation, which can be shown to be increasingly small as the
number of array elements increases.

For illustration, examples of recently commissioned and planned radio astronomy arrays operating at frequencies
relvant to planetary radar include ASKAP (36 × 12 m-diameter antennas, [14]), MeerKAT (64 × 13.5 m-diameter
antennas in South Africa, [15]), the SKA1-Mid7 (expanding MeerKAT with 133 × 15 m-diameter antennas, planned),
and the ngVLA8 (244 × 18 m-diameter antennas in North America, planned).

Considerable design work and proof-of-concept demonstrations have been conducted for an “uplink” antenna array,
primarily in the context of spacecraft commanding for the DSN [37, 8, 7, 38, 39, 40], though Vilnrotter et al. [41] also
illustrated (delay-Doppler) imaging of planetary bodies. Most recently, Sánchez Net et al. [32] describe the system
architecture of a planetary radar array and present the optimization for achieving maximum performance at a minimum
of life-cycle cost.

Finally, because an antenna array is specified using two degrees of freedom—the number of elements in the array and
the gain of each element—it can be designed to optimize both sensitivity and sky coverage. Consider the case of the
Arecibo Observatory and the GSSR, both monolithic systems: While the former was 15 times more sensitive than
the latter, it could only survey 32% of the accessible sky, compared to 79% for the GSSR [24]. An array of ground
antennas can be designed to achieve the sensitivity of the Arecibo Observatory as well as the sky coverage of the
GSSR.

The system architecture described by Sánchez Net et al. [32] has four, high-level sub-systems: the Array Element,
Signal Processing, Array Services and Infrastructure, and Operations Computing and Software. Our focus here is on
a subset of the full system architecture, as many elements have straightforward analogs to those used currently within
ground-based radio astronomy arrays or the DSN. For more extensive discussion of other elements, the reader should
consult Sánchez Net et al. [32]. Finally, our focus here is on the physical infrastructure, but the “concept of operations”
for a planetary radar array likely could incorporate significantly more automation than has been used to date in the
existing systems.

4.1 Array Element: Mechanical Antenna

Figure 4 illustrates the range of antenna diameters that were considered. The design and construction of radio antennas
is a mature field. Key considerations for the optimization were that the range of diameters encompassed the likely
optimum diameter, given past experience in designing arrays, and that the antenna likely could be manufactured in the
necessary quantities on a reasonable time scale.

4.2 Array Element: Transmit System

For over a century, vacuum tube amplifiers have served as the standard source for high-power radio frequency (RF)
signals used in communications and radar transmitter systems. Notably, the klystrons used in planetary radar appli-
cations have produced hundreds of kilowatts of power (250 kW to 500 kW, Table 2), and, unlike many other radar
implementations, the standard approach for planetary radars (the GSSR and the former Arecibo Observatory) is that
klystrons are operated in a continuous wave mode, rather than a pulsed mode.

These klystrons have presented multiple challenges associated with their often limited lifetime and reliability. Klystrons
amplify a small input signal using a high-density electron beam. Beam formation requires the use of a high-potential
electron gun, and this high-voltage requirement adds size and complexity to the transmitter and associated power

7https://www.skao.int/en/science-users/118/ska-telescope-specifications
8https://ngvla.nrao.edu/page/refdesign
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Fig. 4: Range of possible antenna diameters considered in the design and optimization of a planetary radar array.
(left) Loop Canyon array, five 1.2 m diameter antennas. (From D’Addario et al. [7]) (middle) next-generation Very
Large Array (ngVLA) antenna, an 18 m diameter antenna that would be used in the 244-element ngVLA; a prototype
antenna is scheduled to be constructed starting in 2023. (Credit: mtex/NRAO/AUI/NSF) (right) “Apollo site” 34 m
diameter antennas at the Goldstone Deep Space Communications Complex, not shown in this figure is a fourth antenna
currently under construction.

supply. Additionally, typical klystron efficiency does not exceed 50%. When coupled with the large power densi-
ties within the electron beam, localized heating tends to limit lifetime and reliability for the high power klystrons,
particularly at higher frequencies.

Though vacuum tube amplifiers are not likely to disappear anytime soon, recent advances in solid-state amplifier
technology provide a potential alternative for a planetary radar array (Figure 5). While individual solid-state transistors
are orders of magnitude lower in output power compared to tube amplifiers, techniques for combining many of these
devices in parallel exist. Notably, a 30 kW system operating at approximately 7 GHz has been implemented at the
Misasa Deep Space Station of the Japan Aerospace Exploration Agency (JAXA) [25]. While systems with tens of
kilowatts have a much lower EIRP than the GSSR, with its dual 250 kW klystrons, leveraging substantial commercial
investment in solid-state transmitting systems could produce a planetary radar array with capabilities comparable to or
exceeding those of the GSSR or the former Arecibo Observatory.

4.3 Calibration

A critical element of a radar array is that it be phased. The requirement is that the electric fields from the individual
antennas add coherently in the far field of the array. Meeting this requirement has two elements: (i) The delays to
each antenna must be measured and any temporal changes (e.g., due to changing temperatures producing different
electrical paths) must be monitored and compensated; and (ii) The relative Doppler shifts between the antennas must
be removed, necessitating an ephemeris for the target.

Techniques for calibrating the delays for a (receive-only) radio astronomical array using a reference emitter are mature
for radio astronomical (receive-only) arrays. In principle, for a radar array round-trip phase measurements could be
conducted to monitor the delays to each antenna. However, it is generally difficult to measure the phase contributed
by the feed or the horn at the antenna and the lines of sight from the different antennas through Earth’s atmosphere
can have differential delays. These difficulties have led to the concept of a reference receiver.

Different scenarios have been developed and demonstrated for a reference receiver, ranging from an elevated receiver
mounted at some distance from the radar array [8] to using the Moon itself [39]. Crucially, these initial demonstra-
tions have achieved the expected N2 improvements for coherent addition of antennas and long-term stability of the
calibration (Figure 6).

4.4 Siting

While Sánchez Net et al. [32] did not consider siting considerations in detail, a few general comments are warranted.
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~ 2 m

Fig. 5: Illustrations of the range of implementations and transmit powers that could be provided by the transmit sub-
system within a planetary radar array. (left) Klystron (high-power microwave amplifier) that provides 80 kW of output
power at a frequency near 7.2 GHz and is used for transmitting to spacecraft within NASA’s Deep Space Network.
For reference, the unit stands approximately 1.2 m tall. (middle) Prototype solid-state microwave amplifier that has
been developed at JPL. This unit produces 1.1 kW of output power at frequencies near 8.56 GHz. This solid-state
module consists of 16 solid-state 80 W monolithic microwave integrated circuit (MMIC) amplifiers, which are visible
as the vertical boards. The outputs of the 16 amplifiers are combined to produce the 1.1 kW of output power through
the wave guide at the top of the unit. For reference, this prototype unit is approximately 0.2 m tall. (right) Design of
a 25 kW amplifier system composed of multiple solid-state units shown in the middle panel. This design uses radial
combining and illustrates how the use of solid-state units enables a modular architecture.

First, a relatively compact array is desirable. For radio astronomical arrays, a prime motivation often is increased
angular resolution, for which an interferometric array is the only feasible approach to obtaining the required angu-
lar resolutions. The result is that radio astronomy arrays typically have antenna separations of tens to hundreds of
kilometers or larger. By contrast, rarely are the targets for radar arrays expected to be able to be resolved angularly.
Further, on-going experiments at the Jet Propulsion Laboratory are confirming that maintaining the desired phasing
for transmission is increasingly more difficult for radar arrays having separations between the antennas larger than a
few kilometers.

In addition to being desirable from the perspective of calibration, a relatively compact array could make other in-
frastructure aspects (roads, power distribution, signal transport, . . . ) less expensive. Additional cost savings may be
possible by siting a planetary radar array near another facility that already has some of these infrastructure aspects
present.

A mid-latitude arid site is likely optimum. For planetary science and defense considerations, a site located as close
to the equator as possible is desirable in order to maximize the fraction of the sky visible. In addition, if one of the
objectives is safety and mission assurance for lunar orbiting spacecraft, sites at latitudes |b| > 30◦ would have the
risk that the Moon is not visible throughout its orbit. However, the characteristics of the ionosphere at equatorial
latitudes may make observations more difficult at times. This risk can be mitigated somewhat by choosing frequencies
sufficiently high that the effects of the ionosphere are not significant, but, at increasingly higher frequencies, the
amount of water vapor in the troposphere can become significant. Notably, Table 2 shows that the current and proposed
radar transmitters have operational frequencies of about 7 GHz to 15 GHz (or IEEE radar bands of C band to Ku band);
the Arecibo Observatory transmitted at 2.38 GHz (S band). These frequencies are in the range such that neither the
ionosphere nor the troposphere introduce significant corruptions to observations.
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Fig. 6: Demonstrations of the calibration of an array of transmitting antennas (cf. Figure 4). (left) Illustration of
successful calibration of a three-element array experiment with the DSN. (From Vilnrotter et al. [38]) Shown is the
received power at the Extrasolar Planet Observation and Deep Impact Extended Investigation (EPOXI) spacecraft
as a function of time. From 12:00 to approximately 12:06, only a single antenna (DSS-25) was transmitting; at
approximately 12:06, a second antenna was added, forming a two-element array (DSS-24+DSS-25), with the expected
6 dB (4×) improvement in received power resulting; and, at approximately 12:13, a third antenna was added (DSS-
24+DSS-25+DSS-26), with the expected 9.5 dB (9×) improvement in received power resulting relative to the single-
antenna case. (right) Demonstration of the system stability for an array of transmitting antennas, from the Loop
Canyon array. (From D’Addario et al. [7]) Shown is the phase of four of the antennas in array relative to Antenna 2 as
a function of time. Phase stability (in a root-mean-square sense) of better than 0.1 radians could be maintained over
intervals of days to weeks. (The cause of the phase jump at Antenna 1 near 2008 September 8 was not established.)

4.5 System Optimization

Sánchez Net et al. [32] show that a figure of merit for a radar array can be expressed as

FOM =
πη

43λ 2kBTsys︸ ︷︷ ︸
constant

· N3PaD4
a︸ ︷︷ ︸

system factor

· σ
R4

√
∆t
B︸ ︷︷ ︸

target factor

. (3)

An underlying assumption for this figure of merit is that monostatic operations are intended, i.e., the same array is
used for both transmission and reception, a point to which we return below.

constant This first factor consists of fundamental constants and factors that can be considered to be uniform through-
out the radar array. Many of these factors are evident in eqns. (1) and (2) and the subsequent discussion. Here
η is an efficiency factor capturing several loss factors, such as inefficiencies in phasing the array or incomplete
illumination of the antennas, with an illustrative value being η ≈ 0.70.

system factor This second factor consists of the elements of the parameters of the model to be varied in seeking the
optimum. Here N is the number of antennas, Pa is the power transmitted by each antenna, and Da is the diameter
of each antenna. Relative to eqn. (2), these terms can be understood as PTX = NPa and GTX = GRX ∝ ND2

a. In
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Fig. 7: Projected planetary radar array performance for an array composed of 15 m-diameter antennas, each with a
20 kW transmitter, based on the optimum found by Sánchez Net et al. [32]. (left) Signal-to-noise ratio (in dB) as a
function of the distance (in units of lunar distance [LD]) to a 50 m-diameter asteroid having a typical radar albedo
of 0.1. Illustrated are arrays of 5 × 15 m antennas (gold), 10 × 15 m antennas (orange), and 15 × 15 m antennas
(blue), in all cases, each antenna in the array is equipped with a 20 kW transmitter. The projected performance would
improve for a larger diameter asteroid or one with a larger radar albedo, and it would correspondingly diminish for an
asteroid with a smaller diameter or smaller radar albedo. These projections assume that the asteroid is far from the
Moon in angular separation (cf. Table 2). (right) Signal-to-noise ratio (in dB) for spacecraft of dimensions ranging
from 10 cm (1U CubeSat) to 4 m (slightly larger than LRO), in all cases assuming a radar albedo of unity, a distance
of 1 lunar distance, and a target far from the Moon in angular separation. Additional antennas would be required to
compensate for pointing in directions close to the Moon; see the text for additional discussion. The curves show the
same arrays as in the left panel.

Figure 6, only an N2 improvement is shown because the receiving system was a single antenna (on the EPOXI
spacecraft) rather than a radar array.

target factor This third factor contains parameters that describe characteristics of the target. Here, its radar cross
section is σ , the integration time on target is ∆t, the Doppler bandwidth B is related to the rotational period of
the target (§3), and R is the range to the target.

Sánchez Net et al. [32] modeled the cost function for a radar array as having two major contributions, one from the
implementation Cimpl and one from the operations and maintenance Cops.

Cimpl ∝ (Ca +Ctrans)N1−γn ;
Cops = NCelement +Cfixed. (4)

Here Ca is the cost of an individual antenna element, excluding the cost of its transmitting system, and Ctrans is the cost
of an individual transmitting system. The implementation cost factor clearly increases with the number of antennas N,
but the factor γn reflects a “learning factor” related to economies of scale if N becomes sufficiently large. Meanwhile,
the operations cost function attempts to capture both costs that scale clearly with the number of antennas N and those
costs Cfixed that are (essentially) insensitive to the number of antennas. This cost function model is shown to replicate
the estimated implementation and operations costs of the 25-element VLA to better than 10%.

Figure 7 projects the capabilities of a planetary radar array, both for the purposes of planetary science and defense and
for safety and mission assurance. The array parameters illustrated (15 m-diameter antennas, 20 kW transmitters) is
based the optimum found by Sánchez Net et al. [32], but similar performance is projected for arrays with comparable
parameters.

Crucially, this analysis assumes a target located far from the Moon in angular distance (cf. Table 2). From eqns. (2)
and (3), pointing close to the Moon increases the system temperature Tsys in the receiving system such that the gain of
the receiving system GRX, and ultimately the number of antennas in the array N, must be increased. A typical increase
in Tsys due to pointing close to the Moon might be 10× (from approximately 25 K far from the Moon to approximately
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250 K close to the Moon). Accordingly, the required number of antennas would be increased by a factor of at least
two, and more likely closer to three in order to provide margin. Thus, the required number would be 45 antennas.
Even so, this number of antennas is comparable to the number in currently operational radio astronomcial arrays and
relatively modest compared to the hundreds of antennas planned for near-future radio astronomical arrays, though a
planetary radar array also requires a high-power transmitter at each antenna.

5. SUMMARY

The current suite of ground-based planetary radar assets has and continues to produce an impressive suite of discover-
ies, has been critical to the planning of various robotic missions by providing precise orbits, and is a crucial element of
planetary defense activities by providing precise orbits and characterizations of near-Earth asteroids (NEAs). While
the primary focus has been on planetary science, which includes planetary defense, the NASA Goldstone Solar System
Radar (GSSR) also has contributed to safety and mission assurance assessments by contributing to measurements of
orbital debris.

We have illustrated how these techniques for safety and mission assurance can begin to be extended to the cislunar
arena. While planetary radar observations of NEAs that are at distances of approximately 1 lunar distance have been
conducted for some time, these observations typically occur far from the Moon in angular separation. Of particular
note for planetary radar observations for safety and mission assurance in the cislunar arena is the reduction in the
sensitivity of receiving systems for radar return signals. We suggest that there are multiple “use cases,” depending
upon the angle between the target and the Moon, and, all other factors being equal, the performance of a planetary
radar system will be degraded the closer it has to point toward the Moon.

We have summarized maturing technologies that would enable a new planetary radar capability, based on an array
of multiple antennas forming a planetary radar array. The use of an array of antennas for reception of signals is a
well-demonstrated technology in radio astronomy, and there have been a number of initial demonstrations of the arrays
of antennas for the purposes of deep space communication and planetary radar.
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[2] M. Brozović, B. J. Butler, J. Margot, S. P. Naidu, and T. J. W. Lazio. Planetary Bistatic Radar. In Eric Murphy,
editor, Science with a Next Generation Very Large Array, volume 517 of Astronomical Society of the Pacific
Conference Series, page 113, December 2018.
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