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Abstract

Accurate mass determination of small, sub-kilometer asteroids is a key challenge
in planetary defense, particularly for newly discovered potentially impacting aster-
oids requiring rapid response. This work investigates the Gravity Imaging Radio
Observer (GIRO), an innovative instrument concept based on inter-satellite Doppler
tracking between a host spacecraft and small radio probes, combined with high-
precision optical imaging using the Advanced Pointing Imaging Camera. We assess
GIRO’s performance in a simulated flyby mission targeting asteroid 2024 YR4,
and demonstrate that a compact beacon-based architecture can achieve formal lo
mass-estimation uncertainties of about 20% for a 60-meter-class object, assuming
a Bennu-like density and a flyby at 50 m altitude above the surface with a relative
velocity of 5 km/s. Most of the information content arises from post-encounter
differential deflections between the host spacecraft and beacons, allowing robust
estimation even in scenarios with limited data availability around closest approach.
Sensitivity studies confirm that the technique is resilient to variations in flyby ge-
ometry and beacon release strategy, enabling accurate mass determination for a
wide range of asteroid sizes, flyby velocities, and operational constraints. These
findings position GIRO, in combination with a capable imager, as a highly promis-
ing candidate for planetary defense and reconnaissance missions requiring rapid
deployment, minimal complexity, and reliable scientific and engineering return.
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1 Introduction

Understanding the gravity field of planetary bodies is a cornerstone of planetary sci-
ence as it provides key insights into their internal structure, composition, formation
history, and dynamical evolution [43, 44, 58]. This field of study, often referred to
as gravity science, relies heavily on high-precision radiometric measurements, par-
ticularly Doppler (i.e., range-rate) tracking, enabled by ground-based radio antennas
such as NASA’s Deep Space Network (DSN) and ESA’s Tracking Station Network
(ESTRACK) [54].

Gravity science plays a vital role across planetary missions, from mapping large
bodies such as Mercury, Venus, the Moon, Mars, and the gas giants, to characterizing
the mass and internal properties of small irregular objects like comets and asteroids
[43, 49]. In these contexts, gravity estimation techniques not only help determine
bulk properties like mass and density, but also reveal subtle features of subsurface
structure or mass distribution anomalies, which are otherwise inaccessible through
remote sensing.

In the specific context of planetary defense, precise knowledge of an asteroid’s
mass becomes especially critical because it informs impact risk assessments, and
aids in the design of mitigation missions. This is particularly relevant for Potentially
Hazardous Asteroids (PHAs), a subset of Near-Earth Asteroids (NEAs) characterized
by minimum orbit intersection distances with Earth of less than 0.05 au and diameters
greater than 140 m [12, 22, 34] (see Fig. 1), as well as smaller potentially impacting
asteroids. Due to their size and proximity, these objects can pose significant threats

Fig. 1 Overview of the known orbits of the 887 numbered PHAs in the inner solar system. The plot
shows a dense and dynamically complex environment, including planet-crossing, Earth-crossing, and
resonant regions. PHAs orbital data sourced from [38]
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in the event of an Earth impact, making their physical characterization a high priority
for planetary defense initiatives [39, 47].

Despite advances in observational techniques, determining the mass of small bod-
ies, particularly those under 1 km in diameter, via single-spacecraft flybys remains a
significant challenge. The primary difficulty lies in the extremely weak gravitational
pull exerted by such bodies, which induces only subtle perturbations to a spacecraft’s
trajectory, often below the sensitivity threshold of traditional flyby tracking tech-
niques. Ground-based estimation is further complicated by uncertainties in track-
ing geometry and signal propagation through Earth’s atmosphere and interplanetary
media [1].

Although orbiters can, and have, successfully measured the mass and gravity
fields of small asteroids, including those less than 1 km in diameter (e.g., Chesley et
al. [13]; Gramigna et al. [23]; Scheeres et al. 50; Pétzold et al. [41]), flybys have not
yet achieved comparable success. The short duration of the gravitational interaction,
combined with the high relative velocity, limits the sensitivity to perturbations and
demands alternative approaches to extract mass-related information effectively.

To address this limitation, this study investigates the Gravity Imaging Radio
Observer (GIRO), an innovative instrument concept based on inter-satellite radio
links [45], designed to operate in conjunction with a high-resolution imager, such
as the Advanced Pointing Imaging Camera (APIC) [46]. GIRO builds on the heri-
tage of previous missions that have demonstrated the effectiveness of inter-spacecraft
tracking—namely GRACE and GRACE-FO, which monitored Earth’s time-variable
gravity field [3, 32, 55], and GRAIL, which employed twin lunar orbiters to map
the Moon’s interior in exceptional detail [30, 58, 59]. This heritage will be further
extended by ESA’s Hera mission, which will track two CubeSats in the Didymos
system beginning in late 2026 [21, 23].

Specifically, GIRO adapts the core principle of these missions, high-precision
inter-satellite Doppler tracking, to a broader range of mission scenarios. GIRO’s
beacon-based architecture is designed to support both detailed gravity field recovery
of planetary bodies and accurate mass determination of small planetary bodies dur-
ing rapid-response flybys or short-duration rendezvous. This versatility makes GIRO
particularly well-suited for planetary defense applications, where flexibility, simplic-
ity, and rapid deployment are essential.

In the context of asteroid mass determination using GIRO, one or more small
probes, equipped with radio beacons but no propulsion, are released from a host
spacecraft hours before the encounter. Depending on mission requirements, these
probes may serve as free-flying inertial references during a close flyby by the host
spacecraft, or conversely, be sent on close approaches themselves and tracked by
the host spacecraft. After release, they are tracked using high-precision Doppler and
APIC optical measurements (to determine their spin states) by the host spacecratft.
The resulting inter-satellite tracking dataset, free from atmospheric distortion and
independent of Earth-spacecraft geometry, enables the precise reconstruction of
gravitational deflections, and hence the estimation of asteroid mass.

Asteroid 2024 YRA4, initially identified as a potential impactor due to its predicted
close approach to Earth in 2032, serves as a motivating example for this work [19,
48]. Although follow-up observations eventually ruled out an impact risk to Earth
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[27], the case highlights the critical need for rapid-response capabilities able to physi-
cally characterize NEOs shortly after discovery. While ground-based tracking is gen-
erally sufficient for orbit determination, key physical parameters such as mass often
remain poorly constrained—limiting our ability to assess potential impact energy and
plan effective mitigation strategies.

This study evaluates the performance of the GIRO system in a simulated flyby
mission targeting asteroid 2024 YR4. The analysis investigates the achievable uncer-
tainty in the mass estimate using inter-satellite Doppler and APIC optical tracking
under realistic mission conditions, and demonstrates the technical feasibility and
operational flexibility of the GIRO concept in support of planetary defense.

This paper is structured as follows: Sect. 2 presents the motivation for this work.
Section 3 introduces the GIRO system and its key technological elements. Section 4
reviews mass estimation techniques for spacecraft flybys. Section 5 describes the
flyby operations concept and probe deployment strategy. Section 6 outlines the orbit
determination framework, including the dynamical, measurement, and maneuver
models. Section 7 presents simulation results for the 2024 YR4 case, as well as for a
broader set of asteroid and flyby conditions. Finally, Sect. 8 summarizes the findings
and discusses implications for planetary defense.

2 Motivation

The case of 2024 YR4 highlights a critical limitation in current planetary defense
infrastructure: the absence of space-based systems capable of providing rapid and
accurate mass measurements for newly discovered potentially impacting asteroids.
Mass is a key input for determining the kinetic energy of a potential impactor and
directly affects modeled impact consequences such as surface damage, atmospheric
disruption, and tsunami generation [11, 39]. Equally important is an understanding of
internal structure and porosity, which govern how an asteroid responds to impulsive
deflection methods [24, 25, 51]. Despite their importance, both mass and porosity
remain difficult to constrain from ground-based or flyby observations. Rendezvous
missions provide accurate measurements but require long preparation times and high
costs, incompatible with the rapid reaction demanded by planetary defense. This
motivates the development of new mission concepts—such as the GIRO architecture—
designed to bridge this capability gap.

To address this need, we investigate a distributed mission architecture involving
a primary platform (the host spacecraft) that carries and deploys a set of semi-active
radio beacons known as GIROs. These beacons are released prior to the encoun-
ter to support high-precision tracking. Building on prior studies such as [5, 14] and
[6], which explored flyby-based mass estimation, we adopt a novel configuration
that leverages unprecedented Doppler-optical tracking accuracy and an alternative
operational strategy: the GIRO probes serve as distant inertial references while the
main spacecraft performs a controlled close flyby of the asteroid. This setup mini-
mizes operational risks, exploits spacecraft autonomy, and enables favorable track-
ing geometries for precise mass determination. In our concept, the high precision of
GIRO Doppler measurements is the key driver for improving the asteroid GM esti-
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mation, as GIRO range-rate data tightly constrain the gravitational interaction dur-
ing the flyby. Complementarily, optical images provide an independent constraint on
the relative geometry and attitude between the spacecraft and the asteroid, ensuring
a well-determined flyby trajectory and enabling a robust dynamical reconstruction.

A flyby reconnaissance mission of a small body is expected to be equipped with
an imaging system, typically both visible and thermal cameras. Depending on the
target’s size, rotational state, and observing geometry, it is anticipated that the vol-
ume can be estimated with an accuracy 10-30% [8]. By enabling reliable estimates
of mass and, indirectly, porosity, derived from the combination of mass and shape
measurements, the proposed system contributes a crucial capability to future plan-
etary defense missions. In particular, shape information can be obtained through
onboard imaging, allowing for improved density and porosity assessments. In turn,
this enables more accurate threat evaluation and better-informed mitigation planning,
even under tight time constraints.

3 Gravity Imaging Radio Observer

GIRO is a novel gravity science instrument designed to enable high-precision mass
and gravity field estimation of planetary bodies, including small asteroids, using
high-accuracy inter-satellite Doppler measurements [45]. It can optionally be oper-
ated alongside a high-resolution imager, such as APIC, to enhance scientific return
[46].

Each GIRO unit is a compact, battery-powered radio beacon equipped with a
coherent X-band transponder that communicates with a host spacecraft to provide
range-rate measurements with precision expected to be at least as good as < 1um/s
over 60-second intervals. This is 10 to 100 times more accurate than the capabili-
ties of conventional Earth-based tracking and comparable to the baseline pre-launch
performance expected of the GRAIL mission (which in flight greatly exceeded this
level) [29].

The probes are spin-stabilized, and by orienting GIRO’s spin axis normal to the
host spacecraft-GIRO velocity direction, spacecraft thermal re-radiation' acting
in the plane perpendicular to the spin axis is effectively averaged out. The resid-
ual component along the spin axis can be largely canceled by flying two GIROs
simultaneously, using differential measurements to isolate the gravitational signal of
interest. Each probe is equipped with an analog, carrier-only transponder to maintain
frequency coherence while minimizing system complexity. Each unit also features
LED beacons for optical tracking and spin-state determination, enabling combined
Doppler-optical gravity estimation. The GIROs can be optically tracked using the
APIC camera onboard the host spacecraft, a compact, dual-imager system designed
for planetary geodesy and precision navigation [46]. APIC provides simultaneous
imaging of surface targets, bodies, and star fields, delivering high-precision point-
ing knowledge (~0.25 pixel, approximately 1 arcsecond for both the narrow and

!'Spacecraft thermal re-radiation affects spacecraft orbits when a net recoil force results from the uneven
emission of radiation from the spacecraft surface; these forces can perturb spacecraft trajectories.
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wide-angle cameras). Finally, the use of Commercial Off-The-Shelf (COTS) compo-
nents makes GIRO a cost-effective and scalable solution for rapid-response planetary
defense missions.

As demonstrated by [45], the GIRO concept can support a variety of planetary
science investigations. Deploying the probes closer to target bodies enables the deter-
mination of high-order spherical harmonic coefficients and insights into the interior
structure, such as those of the Moon, the gas and icy giants and their moons, as well
as their tidal parameters and precise orbital solutions, all with unprecedented accu-
racy. Moreover, using the beacons to perform flybys of small bodies, or as free-space
references, allows for high-precision estimates of an asteroid’s mass and potentially
its gravity field. Two primary mission architectures have been proposed for deploy-
ing GIROs during asteroid flybys [45]:

o In the first approach, GIROs are released shortly before the flyby, forming a spa-
tial “cloud” around the asteroid, similar to Christensen et al. [14]; Hesar et al.
[26]; Atchison et al. [4]. Each probe independently samples the gravity field dur-
ing its passage, and the asteroid’s mass is estimated from the collective deflection
signatures extracted from optical and Doppler tracking during and after the flyby.

e In the second approach, adopted in this study, the probes are released 6-12 h be-
fore the encounter and remain in safer, more distant trajectories, acting as inertial
free-space references. The host spacecraft performs a close, autonomous flyby
and experiences the primary gravitational perturbation, which is then measured
relative to the GIROs. Figure 2 shows an artistic impression of this concept, in-
cluding the assumed measurements for this investigation.

The first approach, i.e. releasing probes on ballistic trajectories toward the aster-
oid, has inherent limitations. Since the probes cannot be maneuvered once deployed,

Earth-based
Tracking
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Host spacecraft
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/ &
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Host SC Lo
Trajectory . GIRO Trajectory

Fig.2 Artistic impression of the proposed mission scenario and measurement concept. The host space-
craft performs a close flyby of the target asteroid, while one or more GIRO beacons serve as inertial
reference points in free space. The measurements include APIC optical images of the asteroid, Earth-
based radiometric tracking, and GIRO Doppler data. For clarity, the GIRO beacon is not shown to
scale, its actual diameter is 50 cm
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their trajectories cannot be actively targeted or corrected. Mission success therefore
depends on the natural dispersion of the probes’ ballistic paths, which is governed
by mechanical release uncertainties typically around 5% of the line-of-sight release
velocity (expected to be around 1 m/s). This results in a position uncertainty cloud
spanning hundreds of meters by Closest Approach (CA). Consequently, this strategy
relies on the probability that at least one beacon will pass close enough to the asteroid
to yield meaningful gravity measurements without impacting it. This lack of control
introduces risk and reduces mission reliability.

By contrast, the second strategy, i.c., performing a controlled close flyby of the
host spacecraft while using the beacons as free-space references, offers significant
advantages. It eliminates the risk of losing probes due to collision, enables precise
control of the flyby geometry through spacecraft autonomy, and focuses gravitational
sensitivity where tracking is most accurate. This method decouples tracking geome-
try from close-proximity operations, increasing flexibility in deployment and mission
design. Importantly, this approach is well within current technological capabilities,
as demonstrated by autonomous targeting and navigation in missions such as Deep
Impact [2], Rosetta [53], DART [16], Hayabusa and Hayabusa2 [56, 57], OSIRIS-
REx [31], and Lucy [33].

In summary, the GIRO and APIC systems offer an unprecedented combination of
high-accuracy Doppler and optical measurements, enabling robust mass estimation
even during high-velocity flybys of small bodies.

4 Methods for Asteroid Mass Determination

In the context of planetary defense and physical characterization, the most effec-
tive method for accurately determining the mass of a small body is through in situ
spacecraft tracking, either via rendezvous or close flyby. These approaches enable
direct sensing of the gravitational influence exerted by the target on the spacecraft’s
trajectory, allowing estimation of its gravitational parameter (GM). Although less
accurate than rendezvous, flybys represent a faster and more resource-efficient solu-
tion, particularly well suited for rapid reconnaissance missions targeting newly
discovered potentially impacting asteroids. In such scenarios, where time is criti-
cal, a well-designed flyby can yield sufficient dynamical information for a reliable
mass estimate. However, accurately determining the mass of small bodies remains
challenging, as the achievable precision strongly depends on the quality of Doppler
tracking data and the mission’s ability to measure the subtle trajectory perturbations
induced by the asteroid’s weak gravitational field.

The primary gravitational interaction between the asteroid and the spacecraft
manifests as a perturbation in the spacecraft’s heliocentric velocity, denoted as AV,
For this reason, high-precision Doppler tracking is essential to measuring the aster-
oid’s mass signature on the spacecraft path. Figure 3 illustrates the hyperbolic flyby
geometry.

The main goal is to measure the deflection angle ¢, which quantifies the change
in the spacecraft’s velocity vector between the inbound and outbound asymptotes of
the hyperbolic flyby, as a result of the asteroid’s gravitational pull. The magnitude of
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B-Plane

Fig. 3 Schematic of hyperbolic flyby geometry and velocity deflection

this deflection, and thus the corresponding velocity change AV, depends primarily
on three factors: the asteroid’s GM, the hyperbolic excess velocity V., and the CA
distance rca from the asteroid’s center of mass. The expected velocity change can
be approximated by [6]:

2GMV.e _ 2GM

TCAVO% + G]\/[ TCAVoo

M

Doppler tracking, usually performed by Earth-based stations such as the DSN or
ESTRACK, provides high-sensitivity measurements of velocity along the Earth-
spacecraft line of sight direction. However, only the component of AV projected on
this line contributes to the observed Doppler signal. Denoting the angle between AV
and the line-of-sight unit vector p as ¥ (see Fig. 3), the observed component becomes:

AVys = AV cos ¢ 2)

Combining Egs. 2 and 1, an estimate of the asteroid’s mass can be written as:

 AVgpsrca Voo  AVcostrca Vo

M 2G 2G

3)

In this formulation, the most controllable parameter is the flyby distance rca. The
geometry angle ¢ is governed by the line-of-sight configuration, while V, is set by
orbital dynamics. These constraints highlight the importance of optimizing both close
approach distance and Earth-view geometry in traditional Doppler-based flybys.

Furthermore, the formal uncertainty in the estimated GM can be approximated by
differentiating Eq. 1, leading to:

1
oGM R §bVooUAV7 4
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where b is the impact parameter (typically close to rca for weak deflections) [28],
and oAy is the 1o uncertainty in the measured velocity change.

Equation 4 is based on simplifying assumptions, neglecting uncertainties in the
asteroid and spacecraft states as well as the flyby geometry. Nonetheless, it provides
a first-order estimate of the expected uncertainty. Assuming typical Earth-based Dop-
pler noise levels, on the order of 0.1 mm/s for X/X-band links and 0.01 mm/s for Ka/
Ka, and 0.005 mm/s when using dual-link data in combination with a Water Vapor
Radiometer (WVR) to mitigate plasma effects [10], and an optimal Earth geometry
(¥ = 0), Eq. 4 suggests that the uncertainty in GM becomes prohibitively large for
small bodies in standard flyby scenarios.

In this context, Table 1 presents the relative GM uncertainties derived from OD
simulations assuming continuous DSN tracking over a +7-day window around CA
(see Sect. 6 for simulation details). The scenario assumes a bulk density of 1000 kg/
m3, with a flyby altitude of 50 m and a relative velocity of 5 km/s. The results show
that, even under favorable Earth-viewing geometry, meaningful GM observability is
achieved only when dual-link + WVR Doppler data are combined with APIC optical
images, which are used to improve the host—asteroid relative navigation solution.
Since GIRO optical images are not included in this analysis, the benefit of APIC
comes entirely from the improved spacecraft—asteroid geometry determination; in the
absence of imaging data, the a priori uncertainties in both the asteroid and spacecraft
positions dominate the estimation error. In the combined configuration, the relative
GM uncertainty is approximately 5% for a 600 m diameter asteroid, around 21% for
a 300 m target, and becomes prohibitive for diameters below 300 m. As a result, due
to the requirement for optimal Earth-based geometry and the poor performance for
very small asteroids, this approach is deemed impractical for rapid-response plan-
etary defense scenarios.

To overcome these limitations, as previously discussed, a promising solution
involves the use of GIRO beacons. In a representative scenario, one or more beacons
are deployed from the host spacecraft to enable precise position determination via
triangulation in deep space during the flyby (see Fig. 4). The enhanced GIRO Dop-
pler accuracy allows the detection of the target asteroid’s weak gravitational signal
with significantly improved precision, and eliminates the need for favorable Earth-
spacecraft geometry.

For example, as depicted in Fig. 4, consider a GIRO on a trajectory aligned with
both the host spacecraft and the direction of gravitational acceleration at CA. This
configuration maximizes the Doppler information content near CA between the two
elements. In this context, Doppler data acquired by GIRO within a short time window

Table 1 Estimated relative uncertainty on the gravitational parameter GM, computed numerically through
OD simulations for asteroids of varying diameters. The scenario assumes a host-spacecraft only flyby at
50 m altitude above the surface with a relative velocity of 5 km/s, a bulk density of 1000 kg/m, and typical
Earth-based Doppler tracking noise under optimal Earth-view geometry (¢ ~ 0)

Asteroid diameter Link

X-X Ka-Ka Dual + WVR Dual + WVR + APIC images
(0.1 mm/s) (0.01 mm/s) (0.005 mm/s)

300 m Not observable Not observable Not observable ~21%

600 m Not observable Not observable Not observable ~5%
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Fig. 4 Schematic representation of the GIRO flyby geometry showing unperturbed (dashed) and per-
turbed (solid) trajectories for the host spacecraft and GIRO beacon. The gravitational acceleration from
the asteroid causes a measurable deflection, which is larger for the host due to its closer approach. The
differential deflection between the two trajectories is the key observable used to estimate the asteroid’s
GM. The directions are expressed in an asteroid-relative Cross-track, Along-track, Normal (CAN) ref-
erence frame. After release, the GIRO receives a small AV, so its orbital angular momentum vector is
not exactly identical to that of the host; however, given that the AV is very small compared to the flyby
relative velocity, the two vectors remain nearly parallel. Spacecraft distances are not shown to scale

around CA yields a formal uncertainty in GM, derived from numerical OD simula-
tions, that matches the analytical prediction of Eq. 4.

Nevertheless, it is important to note that in such scenarios, although the instanta-
neous gravitational deflection at CA is measurable, it is relatively modest for small
bodies and thus contributes limited information by itself. However, this small deflec-
tion is sufficient to induce a slight divergence between the trajectories of the host
spacecraft and the GIRO, which have experienced different gravitational accelera-
tions. This differential deflection accumulates over time and becomes increasingly
observable in the post-flyby phase (see Fig. 4). As a result, most of the information
relevant to precise GM estimation is expected to come from continued tracking after
the encounter. Our orbit determination simulations confirm that post-encounter data
enable accurate GM recovery, even for very small NEAs. See Sect. 7 for quantitative
results.
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5 Flyby Concept of Operations

This work focuses on the critical phases immediately before and after the asteroid
flyby, which are the most relevant for mass determination. Specifically, the analysis
considers a symmetric two-week window around the CA, during which tracking data
are acquired and processed. It is assumed that, prior to this window, the heliocentric
trajectory of the spacecraft is determined at the km-level, as typically ensured by the
navigation teams of deep-space missions.

No specific launch or encounter dates are assumed in this study, and a detailed
mission design is not performed. The objective is to characterize the achievable mass
estimation accuracy using GIRO in a way that is broadly applicable, independent of
launch date, target geometry, or Earth-spacecraft configuration. As discussed ear-
lier, GIRO enables accurate mass determination without reliance on Earth’s position,
since both the Doppler shift at CA and the differential deflection are observed directly
in deep space. In addition, combined GIRO and APIC tracking allows for GM esti-
mation based solely on relative measurements to the target. While Earth-based data
are not required in principle, they remain useful for refining the asteroid’s ephemeris.
The asteroid 2024 YR4 is used as a reference case, but the methodology and findings
are subsequently generalized to a range of asteroid sizes and densities.

The proposed concept of operations for this reconnaissance mission spans from
one week before to one week after the asteroid encounter. During this period, optical
images of the target are acquired to refine the spacecraft’s relative position. Nomi-
nally, one image is captured every two hours. Throughout the entire pre- and post-
flyby phase, the host spacecraft is continuously tracked by the DSN using Doppler
measurements (60-second count time) and range measurements (300-second count
time).

Between 6 and 12 h before the flyby, one or more GIROs are released from the
host spacecraft in directions that ensure they remain at safe distances and serve as
free space references during the flyby, without interfering with the close encounter.
From the moment of release until one week after the flyby, the GIROs are continu-
ously tracked via range-rate measurements (at 60 s count times) by the host space-
craft. After release, the GIROs are expected to be optically tracked to determine their
spin states with a precision better than 0.1 pm/s in range-rate, and we assume in this
work that this characterization has already been performed, resulting in a clean Dop-
pler signal. In addition, GIRO optical images are not included in our analysis, as they
do not provide information that is critical for the asteroid GM estimation.

Around two hours before closest approach, we assume that the spacecraft’s
autonomous navigation system takes over and executes a series of terminal guidance
maneuvers to guarantee the desired flyby conditions. The specific onboard guidance
logic is not simulated here, as such modeling lies beyond the scope of this study and
its effectiveness has already been demonstrated by previous missions (e.g., Deep
Impact, DART). Nevertheless, the execution uncertainties of these maneuvers are
incorporated into our dynamical model, since they affect the flyby geometry and,
consequently, the achievable GM accuracy. Further details are provided in Sect. 6.3.

During the most critical phase—between one hour before and one hour after CA—
the image acquisition cadence increases to one image every 10 s. After this period,
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the nominal schedule resumes, with one image taken every two hours. To remain con-
servative, this study excludes images acquired within CA+ 1 min, as center-finding
errors during that interval are expected to be dominated by uncertainties in the aster-
oid’s shape rather than limitations in image processing. However, if the host space-
craft is equipped with an infrared camera, a joint post-flyby analysis of infrared and
optical images could help reduce the overall image noise. As a result, these images
could be included in the estimation filter to further improve the state and orbit deter-
mination of both the asteroid and the spacecraft. It is worth noting that the use of an
APIC camera with internal pointing capability eliminates the need for any spacecraft
slews entirely during the image data gap.

Figure 5 summarizes the concept of operations timeline for the GIRO asteroid
flyby mission.

This comprehensive dataset, combining Earth-based radiometric tracking, optical
navigation of the host spacecraft relative to the asteroid, and high-precision Doppler
tracking of the GIROs, provides a robust foundation for accurately determining the
mass of very small asteroids, including those in the 60 m diameter range such as
2024 YR4. In particular, knowledge of the inbound asymptote relative to the aster-
oid, provided by optical imaging, combined with the GIRO Doppler data at CA, and
especially the differential deflection measurements captured via GIRO Doppler after
the flyby, constitutes the core dataset driving the mass estimation process.

6 Simulation Setup

The OD simulations are carried out using NASA JPL’s Mission Analysis, Operations,
and Navigation Toolkit Environment (MONTE) [18, 36, 37]. The following sections
describe the dynamical, measurement and maneuver models, and filter configuration
used in the simulation.

&-. i Host SC DSN Doppler (60 s) - Range (300 s) tracking
R

m APIC optical imagingevery 2 h (to asteroid)

High-cadence imaging (to asteroid
-10 s) + Autonomous Navigation

HostSCtraj @K - -~
<

‘ i H
*

CA-7d CA-6/12h : CA CA+7d

g Time from closest
CA-1h CA+1h T en

FLYBY TIMELINE

Fig. 5 Concept of operations timeline for the GIRO asteroid flyby mission. The figure illustrates con-
tinuous DSN radiometric tracking of the host spacecraft from seven days before the encounter to seven
days after, GIRO deployment 612 h before CA and continuous Doppler tracking, APIC optical imag-
ing of the asteroid every 2 h for the whole time-window, and high-cadence 10 s imaging during CA
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6.1 Dynamical Model

The OD process requires accurate modeling of the relevant dynamical environments.
In this study, we consider the heliocentric orbits of the 2024 YR4 asteroid and the
host spacecraft, as well as the trajectories of the deployed GIRO beacons. The helio-
centric orbital parameters of asteroid 2024 YR4 used in the simulation are listed in
Table 2.

The gravitational forces considered in the simulation include the point-mass per-
turbations from the Sun, the Moon, the eight planets, and Pluto. The positions and
velocities of these bodies are obtained from the DE441 planetary ephemerides [42].
Relativistic corrections due to the Sun, the Moon, and the planets are also included,
using the Einstein—Infeld—Hoffman formulation [37]. In addition, the asteroid’s force
model accounts for gravitational perturbations from the 343 most massive main-belt
asteroids and 30 individual Kuiper Belt Objects (KBOs) [42].

For the host spacecraft and GIROs, the force model also includes the gravitational
acceleration due to the asteroid target. Non-Gravitational Accelerations (NGA) are
modeled through Solar Radiation Pressure (SRP), which is computed using a host
spacecraft’s realistic shape model and a spherical shape for the GIROs. The total SRP
force is calculated as the sum of contributions from individual components, each
characterized by distinct geometry, surface properties, and orientation with respect
to the Sun. In addition, to account for unmodeled non-gravitational forces, such as
thermal re-radiation [40], asteroid thermal emission, and albedo effects, stochastic
accelerations are applied to all spacecraft. These are intended to capture residual
modeling errors, particularly during the flyby phase. A batch time of 8 h is assumed,
with a stochastic acceleration magnitude of 10712 km/ s applied to the host space-

craft, and 10713 km/s2 to each GIRO unit [50].

6.2 Measurement Model

As previously described, the dataset combines Earth-based radiometric measure-
ments, inter-satellite (host-to-GIROs) range-rate data, and optical images of the tar-
get asteroid.

Earth-based Doppler measurements are modeled with a noise level of 0.1 mm/s
(over 60 s count times), while range data include a 1-meter uncertainty. A range bias
is also estimated for each pass, with an a priori uncertainty of 15 m.

For GIRO range-rate measurements, [45] reported an expected accuracy between
0.1 and 0.5 pm/s. In this study, we consider three Doppler noise scenarios: a require-

Table 2 2024 YR4 asteroid Parameter Value
orbital parameters from JPL

solution 78 [38] Sem'imajor'axis 2.516 au
Orbital period 3.991 years
Eccentricity 0.662 deg
Inclination (EM02000) 3.408 deg
Diameter 60 £ 7 m [48]

Pole direction (ecliptic longitude, latitude) A, f =42, —25 deg [9]
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ment-level noise of 1 pm/s, an expected performance of 0.1 um/s, and a test case
based on GRAIL-level accuracy of 0.01 um/s, all assuming 60 s count times. We
analyze all three scenarios, but the baseline for the nominal results in Sect. 7 adopts
the 0.1 pum/s scenario. Further details on the GIRO noise budget and signal charac-
teristics can be found in [45].

Optical imaging of the asteroid is assumed to be conducted using the APIC camera
system onboard the host spacecraft [46]. For each image, a measurement noise of 0.5
pixels (in both sample and line) is assumed, along with an estimated pointing error
per image with a 2 arcsecond a priori uncertainty [46].

Table 3 summarizes the assumed noises in this work.

6.3 Maneuver Model

In addition to the stochastic accelerations described in Sect. 6.1, the dynamical model
incorporates the uncertainties associated with the impulsive maneuvers that occur
during the mission timeline. We consider two classes of maneuvers: (i) the GIRO
release maneuvers, and (ii) the terminal guidance maneuvers executed by the host
spacecraft to ensure the targeted close flyby.

6.3.1 GIRO Release Maneuvers

Each GIRO beacon is deployed through a controlled release that imparts a AV of
approximately 1 m/s to the probe. To avoid double-counting the same dynamical
event, only the reaction AV acting on the host spacecraft is estimated in the filter,
while the equal-magnitude and opposite-direction AV applied to the beacons is not
independently estimated. The maneuver components are defined in the asteroid-rela-
tive CAN frame, and an a priori 1o uncertainty corresponding to 5% of the nominal
1 m/s release AV is assigned to each component. These uncertainties allow the OD
filter to capture the small but non-negligible perturbations introduced by the deploy-
ment events.

6.3.2 Terminal Guidance Maneuvers

In the baseline mission concept, the final targeting of the host spacecraft is performed
autonomously during the last few hours before CA. The detailed onboard guidance

Table 3 Summary of the measurement uncertainties adopted in the OD simulations (1)

Earth-based tracking GIRO tracking Optical-
APIC camera
Doppler: 0.1 mm/s at 60 s integration time ~ Doppler: 1 um/s (requirement), 0.1 Sample /
um/s (expected performance), and Line ac-
0.01 pm/s (test case using GRAIL ac-  curacy: 0.5
curacy) at 60 s integration time pixels
Range: 1.0 m (one measurement every Spacecraft
300 s) attitude: 2
Range Bias: 15 m on each tracking passage arcsec (from
(estimated) APIC - [46])
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and execution algorithm is not modeled in this work, as its implementation is out of
scope. Moreover, past missions (e.g., Deep Impact AutoNav, DART SmartNav) have
already demonstrated the feasibility of accurate high-velocity terminal navigation.
However, the uncertainties associated with these maneuvers must be included, as they
influence the geometry of the flyby and therefore the quality of the GM estimation.
Based on the maneuver timelines of previous missions, we assume that the ter-
minal guidance sequence consists of four impulsive maneuvers, executed at [7, 20]:

CA-2h;

CA - 80 min;
CA - 50 min;
CA - 20 min.

The maneuver vectors are defined again in the asteroid-relative CAN frame. Follow-
ing Mastrodemos et al. [35], maneuver execution errors for burns of order 1-7 m/s are
typically within 4-10 cm/s, corresponding to 1-5% of the total AV. DART SmartNav
and Deep Impact AutoNav operations reported AV s below 3 m/s. Accordingly, we
adopt a conservative 1o uncertainty of 3.5 cm/s per component for each autonomous
maneuver. This magnitude corresponds to a total AV uncertainty of approximately
6 cm/s per maneuver when combining the three directional components.

6.3.3 Tracking Data During the Autonomous Navigation Window

All radiometric and optical tracking data acquired during the terminal guidance win-
dow are retained in the OD filter. Since the detailed auto-navigation algorithm is not
explicitly simulated, these data provide the necessary constraints to reconstruct the
spacecraft state before and after each maneuver while the maneuver execution uncer-
tainties capture the dynamical discontinuities.

This approach ensures a realistic representation of the mass estimation perfor-
mance without requiring a full simulation of the onboard guidance algorithm. The
final maneuver executed at CA-20 min is expected to reduce the B-plane uncertainty
to the level required to safely achieve a 50 m flyby, consistent with demonstrated
heritage from previous missions.

6.3.4 Sensitivity to the Timing of the Final Maneuver

To assess the robustness of the mass determination to uncertainties in the terminal
guidance timeline, Sect. 7.3 presents a sensitivity analysis in which the execution
time of the final autonomous maneuver is varied. The resulting variation in the GM
uncertainty quantifies how late-execution navigation updates affect the ability to
recover the asteroid mass.

6.4 Filter Setup

The primary objective of the sensitivity analyses in this study is to assess the formal
uncertainties associated with the asteroid’s GM estimation during a flyby mission
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employing GIRO beacons. The estimated parameters include the asteroid’s GM, the
state vectors of the asteroid, the host spacecraft and GIROs, host spacecraft SRP scale
factor, pointing bias per image, and range bias per tracking pass.

A complete summary of the estimated parameters and their associated a priori
uncertainties is provided in Table 4.

7 Results

This section presents the results of the GIRO-based OD simulations, focused on esti-
mating the mass of asteroid 2024 YR4 during a close flyby, assuming a Bennu-like
density of 1190 kg/m3. The baseline scenario assumes a flyby at 50 m altitude above
the asteroid’s surface (i.e. about 80 m with respect to the center of the asteroid) and
5 km/s relative velocity. The analysis is then extended in the following subsections
to explore the sensitivity of the mass estimate to various mission parameters, includ-

Table 4 Filter setup for the OD simulations. The 2024 YR4 GM is provided as reference, assuming a
Bennu-like density of 1190 kg/m3, the 1000% apriori uncertainty is considered also for the other range of
asteroid sizes and densities analyzed in Sect. 7.4

Parameter A priori lo Notes

Host Spacecraft State

Position 1 km Host SC state estimated with respect to
the Sun

Velocity 1.0 m/s

GIROs Beacon State

Position Im GIROs state estimated with respect to
the Host SC

Velocity 0.1 m/s

2024 YR4 State

Position 10 km 2024 YR4 with respect to the Sun.
Widely open

Velocity 1.0 cm/s

2024 YR4 GM 8.98 - 10— 11km3/s? 1000%. Widely open

Solar Radiation Pressure

Scale factor Host SC 1.0 100% of the acceleration

Maneuvers

GIRO:s release (DX-DY-DZ) 5.0 cm/s Uncertainty of each component, defined

in the asteroid-relative CAN frame, cor-
responding to 5% of the release AV

4 Terminal guidance maneuvers 3.5 cm/s Uncertainty of each component, defined

(DX-DY-DZ) in the asteroid-relative CAN frame

Stochastic Accelerations

Host SC 10~ 12Kkm/s? Set of 3 stochastic accelerations (X-Y-Z)
estimated in uncorrelated batches of 8 h

GIROs 10— 13km/s? Set of 3 stochastic accelerations (X-Y-Z)

estimated in uncorrelated batches of 8 h
Pointing Error Per Picture
APIC 3 rotations 2 arcsec From APIC [46]
DSN Range Bias Per Pass 15m
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ing the number of GIROs, asteroid size and density, flyby distance and velocity, and
measurement noise levels. The OD setup and measurements adopted herein are the
ones described in Sects. 5-6.

7.1 Sensitivity to beacon release geometry

This subsection investigates how the release geometry, specifically, the direction and
number of deployed GIRO beacons, affects the accuracy of the recovered asteroid
mass. We begin by analyzing the sensitivity of the mass determination to the release
direction of a single beacon, using the baseline scenario, 50 m flyby altitude of the
host spacecraft relative to asteroid 2024 YR4, with a flyby velocity of 5 km/s, and
GIRO expected performance Doppler noise. The analysis is then extended to two-
and three-beacon configurations to identify combinations of release vectors that
provide favorable tracking geometries and minimize the formal uncertainty on the
asteroid’s GM.

To perform this assessment, a parametric study was conducted by sampling a
wide range of possible release directions. These directions were generated using a
Fibonacci lattice, which yields a quasi-uniform distribution of unit vectors over the
surface of a sphere. Each direction corresponds to an impulsive release maneuver of
1 m/s applied to the beacon at the time of deployment (assumed to be 6 h before CA).

The release vectors are defined in an asteroid-relative Cross-track, Along-track,
and Normal (CAN) reference frame at the time of release (see Fig. 4). Specifically,
the host spacecraft’s velocity relative to the asteroid defines the Y-axis (along-track).
The Z-axis is aligned with the host spacecraft’s angular momentum vector relative
to the asteroid, and the X-axis is defined as the cross product of the Y- and Z-axes,
corresponding to the cross-track direction.

For each release direction, a full OD simulation was performed using MONTE,
incorporating all data and models described in Sects. 5-6. The formal uncertainty on
the asteroid’s GM was computed through covariance analysis. In total, 500 unique
release configurations were evaluated, and the resulting o, values were mapped as
a function of the release direction. This analysis enabled the identification of geom-
etries that maximize sensitivity to gravitational deflection and minimize the uncer-
tainty in the mass estimate.

Figure 6 shows the retrieved formal 1o uncertainty on GM as a function of release
orientation at the time of ejection. Notably, the best results are obtained when the
beacons are released along the cross-track directions (+X), with the outcomes being
symmetrical, as expected. Given the flyby geometry and frame, releasing the beacon
along +X places it beside the host spacecraft at CA, resulting in a near-alignment of
the host, beacon, and asteroid, see Fig. 4. As can be seen, this configuration offers
several advantages:

e The GIRO Doppler signal is well-aligned with the gravitational acceleration vec-
tor at CA, maximizing sensitivity to the asteroid’s gravity along the line of sight.

e The beacon passes significantly farther from the asteroid (approximately 20 km
along +X for a release 6 h before CA), while the host spacecraft performs a close
flyby at roughly 50 m.
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Fig. 6 3D visualization of the formal uncertainty on the asteroid GM as a function of the beacon re-
lease direction, using a single GIRO. Each point represents a simulated GIRO release geometry with a
1 m/s impulse burn in a specific direction, and is colored according to the corresponding oG s value
obtained from the OD simulation. The directions are expressed in an asteroid-relative CAN reference
frame at the time of release. The simulations assume the baseline flyby scenario of 50 m altitude above
the surface, relative velocity of 5 km/s, and GIRO Doppler noise of 0.1 pm/s

As a result, the beacon experiences a weaker gravitational perturbation, leading to a
larger differential deflection between the host and beacon trajectories after the flyby
(see Fig. 4). This enhanced separation improves the observability of the differential
acceleration projected along the line of sight between the two elements, enabling
more informative Doppler measurements and thus reducing the formal uncertainty
on the asteroid’s mass.

Figure 6 shows that releasing the GIRO in the flyby plane in the cross-track direction
yields the lowest formal uncertainties, reaching values as low as 2.6 - 10712 km® /s2,
which corresponds to a relative error of approximately 29% for 2024 YR4 with a
Bennu-like density and baseline flyby scenario.

Importantly, even when accounting for realistic release errors, such as a 5% uncer-
tainty in the cross-track component of the beacon’s release velocity, the resulting
mass uncertainties remain comparable, as shown in Fig. 6. This indicates that small
deviations from the optimal release direction do not significantly degrade estimation
performance.

Conversely, Fig. 6 shows that releasing the beacon in the along-track direction
(i.e., Y-axis, ahead of or behind the host spacecraft), or along the £Z direction, leads
to a significant loss of GM observability. In the along-track direction release, both the
host and beacon pass the asteroid at nearly the same distance and time, experiencing
similar gravitational accelerations. As a result, their post-flyby trajectories diverge
only slightly, producing a minimal differential deflection. This, in turn, introduces
strong correlations between the estimated GM and the initial velocity states of both
the spacecraft and the asteroid, rendering the estimation problem ill-conditioned and
significantly increasing the formal uncertainty, up to 8 - 10~ km?®/s2, making GM
effectively unobservable for 2024 YR4. To conclude, as shown in Fig. 6, this analysis
highlights the importance of having a non-zero release component along the cross-
track direction in order to enable a meaningful estimation of the asteroid’s GM.

This analysis is then extended to scenarios involving two GIROs. While very good
performance is already achieved using a single GIRO, we foresee and recommend
the deployment of at least two GIROs per flyby to provide redundancy and ensure
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mission robustness. To simplify the analysis, and given the demonstrated benefits of
releasing a beacon on the cross-track direction, we fix the release direction of GIRO-1
along +X. A new Monte Carlo analysis is then performed to determine the optimal
release direction for GIRO-2, which is assumed to be ejected 5 min after GIRO-1.

Figure 7 shows the resulting formal 1o uncertainty on GM as a function of the
release direction of GIRO-2. In the best release condition, adding a second GIRO
decreases the uncertainty by a factor of 1.4 compared to the single-GIRO scenario,
from 29% down to 20% relative uncertainty. As in the one-GIRO case, the lowest
uncertainties are achieved when GIRO-2 is released near the cross-track direction
(£X), which provide favorable geometry at CA and maximize differential deflection
after the flyby. Nevertheless, releasing GIRO-2 at an intermediate angle (e.g., 45 deg
between -Y and +£X) is recommended to avoid potential geometric conflicts between
the beacons, even if they are released at different times.

It is worth noting that testing alternative configurations for GIRO-1 (combined
with new Monte Carlo simulations for GIRO-2) did not yield better results; the best
performance is consistently obtained when GIRO-1 is released cross-track.

To conclude, assuming GIRO-1 is released along +X and GIRO-2 at 45 deg
between -Y and +X, introducing a third beacon provides an additional improvement
of approximately a factor of 1.3 relative to the two-beacon configuration, with the best
relative uncertainties-when GIRO-3 is released along the cross-track direction (-X)
-on the order of 18%. For brevity, the detailed analysis of the optimal GIRO-3 release
direction is not included here. A third GIRO also provides valuable redundancy.

7.2 2024 YR4 Mass Estimation Performance

Building on the previous analysis of the relationship between release direction, flyby
geometry, and dynamical estimation accuracy, we adopt the best-case release config-
uration, with GIRO-1 deployed along the cross-track (+X) direction. In the two- and
three-GIRO simulations, GIRO-2 is assumed to be released at 45° between the -Y
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Fig.7 3D visualization of the formal uncertainty on the asteroid GM using two GIROs, as a function of
the GIRO-2 release direction, with GIRO-1 fixed along the +X direction (the optimal case, see Fig. 6).
Each point represents a simulated GIRO-2 release geometry, based on a 1 m/s impulse in a specific
direction, and is color-coded according to the corresponding o ps value obtained from the orbit deter-
mination simulation. The directions are expressed in an asteroid-relative CAN reference frame at the
time of release. The simulations assume the baseline flyby scenario of 50 m altitude above the surface,
relative velocity of 5 km/s, and GIRO Doppler noise of 0.1 pum/s
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and +X directions behind the host spacecraft, enhancing triangulation while avoiding
potential trajectory conflicts between the beacons, whereas GIRO-3 is ejected along
the cross-track (-X) direction.

The flyby altitude is fixed at 50 m, and the relative velocity at 5 km/s. The GM
of 2024 YR4 is again computed assuming a Bennu-like bulk density of 1190 kg/m3
and a radius of 30 m, yielding a reference value of 8.98 - 10~!2 km® /s2. To remain
conservative, as mentioned in Sect. 5, no images acquired within =1 min of CA are
included in the filter.

Table 5 summarizes the OD nominal results obtained using the reference stochas-
tic accelerations (see Table 4) for various flyby configurations, varying the number
of deployed GIROs. As shown, the host spacecraft alone does not provide sufficient
observability of the asteroid’s GM, even under favorable Earth-flyby geometry
assumptions and adopting a dual-link Doppler data together with the WVR calibra-
tion. Adding the beacons using the GIRO requirement Doppler accuracy still does
not allow observability for flybys at 5 km/s or faster. However, a substantial improve-
ment is achieved if using the expected Doppler performance level (0.1 um/s), in
which case a single GIRO can estimate the GM with a relative uncertainty of 29%,
which improves to 3% if considering typical GRAIL accuracies (0.01 um/s). As
expected, the formal uncertainty on GM scales approximately linearly with the GIRO
Doppler accuracy.

Moreover, as demonstrated earlier, the results indicate that adding a second or
third GIRO beacon yields good improvements in GM estimation, about a factor of
1.6—1.7 when increasing from one to three beacons, for both the expected GIRO
performance and GRAIL-level accuracy. Under the expected Doppler accuracy, this
translates to a GM relative uncertainty of approximately 23% and 18% when using a
two- and three-beacon configuration, respectively.

It is also worth noting that the GIRO experiment estimates the asteroid’s mass
using purely relative measurements, making the GM determination independent of
Earth-based tracking data. However, Earth-based observations remain important for
constraining the asteroid’s ephemeris.

Table 5 Formal 1o uncertainties on the 2024 YR4 GM (reference value 8.98 - 10~12 km? /s2), obtained
from simulated flybys at a fixed CA distance of 50 m above the asteroid’s surface and a relative velocity
of 5 km/s. Results are shown as a function of the number of deployed GIRO beacons (0 to 3) and for three
GIRO Doppler noise levels. Relative uncertainties are shown in brackets

Configuration logp [km3/s2] logar[km3/s2] logar[km3/s2]
(GIRO acc. = 1.0pum/s)  (GIRO acc. =0.1um/s)  (GRAIL acc. = 0.01pm/s)
HostSC only 9.0-10"11 / /
[not observable]
HostSC+1GIRO 94 .10 11 2.6-10"12 3.2.10"13
[not observable] [29%)] [3.6%]
HostSC+2GIRO 20.10—11 2.1.10"12 26-10—13
[not observable] [23%] [2.9%]
HostSC+3GIRO  16-10-11 1.6-10712 1.9-10713
[not observable] [18%] [2.1%]
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Furthermore, an additional test was performed by increasing the magnitude of the
stochastic accelerations up to 10~° km/s? for both the host spacecraft and the bea-
cons. Although these results are not reported in Table 5, they showed only a minor
degradation—about 4 percentage points increase in relative uncertainty—with respect
to the nominal case. As discussed in Sect. 3, the GIRO’s spinner design, combined
with a spin axis oriented normal to the host-GIRO velocity direction and the simul-
taneous deployment of multiple units are expected to largely suppress non-gravita-
tional effects such as thermal re-radiation. Therefore, the tested value of 10719 km/s?
should be regarded as a conservative upper bound for the GIROs, and actual pertur-
bations are expected to be significantly smaller.

Figure 8 shows the 1o uncertainty in the asteroid’s GM throughout the encounter
(same flyby configuration as in Table 5, with 2 GIROs and 0.1 pm/s Doppler noise),
plotted as a function of data accumulation in the filter. For this plot, 1-second inte-
gration time GIRO Doppler data is used to produce a smoother and more continuous
curve around CA (with the 1 s data weighted as 01, = v/60 0g05).

As expected, the uncertainty remains nearly constant prior to CA, consistent with
the a priori uncertainty, then drops sharply at CA when the GIRO Doppler tracking
begins to provide information on the gravitational acceleration acting on the host
spacecraft and the resulting differential trajectory deflection. Notably, about thirty
minutes after CA, the GM accuracy has already improved to around 32%, and the
uncertainty continues to decrease, reaching a plateau 6 h later at a 1o relative uncer-
tainty of 23%.

Figure 9 shows the evolution of the B-plane 3¢ position uncertainty of the host
spacecraft and the GIRO relative to the asteroid, expressed in the B R, B T, and
Linearized Time of Flight (LTOF) components. The B-plane, widely adopted in the
navigation community, is defined as the plane perpendicular to the incoming asymp-
tote of the flyby trajectory and passing through the center of the target body [28, 52].
The projected position knowledge at CA improves progressively as more data are
collected, with a sharp reduction at CA thanks to the GIRO Doppler tracking. Using
post-flyby data, the reconstructed 3o uncertainties for the host spacecraft are approxi-
mately 3.6 m in both the B R and B T components, and 4.2 s in LTOF. For the GIRO,
the corresponding uncertainties are about 557 min BR, 34 min BT, and 4.2 s in
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Fig. 8 Formal 1o uncertainty on the 2024 YR4 GM as a function of time from CA, for a flyby with 2
GIROs and 0.1 pm/s Doppler noise. The host spacecraft performs the flyby at 50 m altitude above the
asteroid’s surface and 5 km/s relative velocity. The information gain begins at CA and plateaus 6 h later
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Fig. 10 Formal 1o ephemeris uncertainty of 2024 YR4 with respect to the Earth (left panel) and Sun
(right panel), expressed in the respective RTN frame

LTOF. The high uncertainty in LTOF is solely due to the exclusion of CA images
from the estimation filter. This uncertainty can be significantly reduced by including

those images in the analysis.

Furthermore, Fig. 10 shows the 1o ephemeris uncertainty of 2024 YR4 relative to
both Earth and the Sun, with and without Earth-based data. Looking at the reference
scenario (with DSN data), even with a single flyby, the asteroid’s radial position can
be determined with an accuracy of approximately 300 m relative to Earth and 50 m
relative to the Sun. The tangential and normal components remain at the kilometer
level, as no images taken within +1 minute of CA are included in the filter. However,
the radial and tangential components can be significantly reduced if images acquired
at CA are processed and incorporated in filter. As mentioned earlier, although they
are not directly relevant for the GM estimation, Earth-based observations remain
essential for constraining the asteroid’s ephemeris. Without these measurements, a
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noticeable degradation appears in all state components of Fig. 10, with the radial
component worsening by more than one order of magnitude.

Finally, it is worth noting that: (i) the reported ephemeris uncertainty components
relative to Earth and the Sun will vary for each flyby depending on the spacecraft’s
position relative to these bodies, and (ii) while the CA images help refine the orbits of
both the spacecraft and the asteroid, they do not contribute to further improvements
in the GM estimation.

Finally, Fig. 11 summarizes the key results for a two-GIRO configuration, con-
sidering different host spacecraft flyby distances (50 m, 100 m, 200 m, 500 m, and
1 km) and relative velocities (1 km/s, 5 km/s, and 10 km/s) with respect to 2024 YR4,
assuming a Bennu-like density. For each case, OD simulations are run using both the
GIRO Doppler requirement noise level (1.0 ym/s, shown as dashed lines) and the
expected performance (0.1 pum/s, solid lines).

As expected, the 10 formal uncertainty in GM increases linearly with flyby alti-
tude, relative velocity, and Doppler noise. For the expected performance level, and
considering the 1 km/s cases, the relative GM uncertainty remains below 25% for
flybys at altitudes below 400 m, increasing to approximately 30% and 60% at 500 m
and 1 km, respectively. This low-velocity regime yields the best results, with the
optimal case—a 50 m flyby at 1 km/s with 0.1 um/s Doppler noise—reaching a relative
GM uncertainty below 5%. This scenario highlights the full potential of the GIRO
concept for precise mass estimation of small bodies.

At higher velocities, the performance gradually degrades. For instance, at 5 km/s,
a 50 m flyby yields an uncertainty of about 23%, increasing to 38% at 100 m and
becoming prohibitive above 200 m. At 10 km/s, even a 50 m flyby results in 47%
uncertainty, already limiting the reliability of the mass estimate, which becomes
unfeasible at greater altitudes. However, adding a third GIRO in these fast?flyby
scenarios further reduces the uncertainty, reaching values as low as 36% for a
50 m-10 km/s flyby (not shown in Fig. 11).

10°

102

Relative uncertainty oou [%]

- 10.0 kmjs, GIRO 1.0 um/s
~e-- 5.0 km/s, GIRO 1.0 umjs
1.0 kmys, GIRO 1.0 um/s
—e— 10.0 kmjs, GIRO 0.1 umjs
—e— 5.0 km/s, GIRO 0.1 umjs
1.0 km/s, GIRO 0.1 umis

10°

50 100 500 1000

200
HostSC flyby distance [m]

Fig. 11 Formal 1o uncertainty on the 2024 YR4 GM as a function of flyby geometry and GIRO Dop-
pler noise level. Solid lines indicate the expected GIRO Doppler performance (0.1 pem/s), while dashed
lines show the requirement level (1.0 um/s). Results refer to a configuration with two deployed GIROs,
targeting 2024 YR4 with a Bennu-like density
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Under the GIRO requirement noise assumption, the achievable performance
is very limited. In this case, the best scenario— a 50 m flyby at 1 km/s— yields an
uncertainty of approximately 47%, equivalent to the 10 km/s, 50 m, 0.1 um/s case,
as expected, and already at the limit of a reliable mass estimate for a low-density,
60 m-diameter asteroid.

These results demonstrate the effectiveness of the GIRO concept in delivering
precise gravity measurements and significant performance improvements across a
broad range of encounter geometries and velocities, including rapid flybys of very
small NEAs like 2024 YR4.

7.3 Flyby data information content

To assess how information content varies over time, we analyze the contribution of data
acquired before, during, and after CA. This analysis informs the design and operations
of planetary defense missions targeting PHAs or potentially impacting asteroids, par-
ticularly the robustness of mass estimation when the spacecraft performs autonomous
maneuvers or rapid attitude slews near CA, such as those for terminal guidance or high-
resolution imaging, which may alter NGAs (e.g., via SRP-induced mismodeling). Nota-
bly, such slews can be avoided if an APIC camera is used with a spacecraft fixed inertial
orientation, thanks to its internal pointing capabilities. These results clarify whether such
activities can be performed without compromising scientific return, or if a more distur-
bance-free trajectory is needed to ensure accurate mass estimation. The flyby geometry
remains fixed at 50 m altitude above the surface and 5 km/s, and adopting two GIROs
with expected performance noise.

Similarly to Fig. 8and 12 shows the results of OD simulations in which all GIRO data
between CA—5 min and CA+30 min are excluded. As expected, in the absence of data

1.0e-10
[1114%]
v
n
€
2
s 1.0e-11 2024 YR4 GM
S [111%]
—
1.0e-12
[11%] 107 10° 10t 102

Time from CA [hours]

Fig. 12 Formal 1o uncertainty on the 2024 YR4 GM as a function of time from CA, for a flyby with 2
GIROs and 0.1 pm/s Doppler noise, in which all GIRO data between CA-5 min and CA+30 min are
excluded. The host spacecraft performs the flyby at 50 m of altitude and 5 km/s relative velocity. The
information gain here begins at CA+30 min when GIRO tracking resumes, and plateaus approximately
6 h later
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near CA, the GM uncertainty remains high until tracking resumes 30 min after CA, after
which it drops sharply as post-flyby data is accumulated.

Remarkably, even without data around CA, a 1o relative uncertainty of approxi-
mately 27% is still achieved, with only a 4 percentage points degradation in over-
all estimation performance. This confirms that the dominant contribution to GM
recovery arises from the post-flyby differential trajectory deflection between the host
spacecraft and the GIROs, provided that sufficient pre-flyby data is available to con-
strain the inbound asymptote. These findings highlight that, in the absence of major
disturbances during the blind period, the key sensitivity for mass estimation lies in
the post-flyby differential acceleration. While data around CA enhances the solution,
high-accuracy estimation remains feasible even with limited availability during this
critical phase.

Furthermore, all previous results assumed that the final terminal guidance maneuver
is executed at CA—20 min. To assess the sensitivity of the GM estimation to the timing of
this maneuver, Fig. 13 presents a complementary analysis in which the final burn epoch
is varied from CA-30 min to CA—5 min, assuming the baseline flyby scenario and the
expected GIRO Doppler performance. As shown, the formal GM uncertainty remains
between 20-25% when the final maneuver is performed between 30 and 17 min before
CA. As expected, the uncertainty increases as the maneuver is moved closer to CA, reach-
ing 31% for a maneuver at CA—10 min and 44% at CA—5 min.

The final analysis examines the spacecraft’s attitude behavior during the flyby. As pre-
viously discussed, the use of an APIC camera allows the spacecraft to maintain an iner-
tially fixed attitude throughout the encounter. However, to provide guidance applicable to
a wider range of planetary defense missions, this study investigates whether maintaining
a fixed attitude and minimizing onboard activity during this critical phase is essential for
reliable mass estimation.

To simulate the impact of different levels of onboard activity, we vary the stochastic
acceleration batch time of the host spacecraft within a +5-minute window centered on

45

w w N
o v o

Relative uncertainty ogu [%]

N
v

20

-30 -25 -20 -15 -10 -5
Last autonomous maneuver time (wrt CA) [minutes]

Fig. 13 Impact of the final terminal guidance maneuver execution time on the formal GM estimation

uncertainty. The x-axis represents the assumed execution time of the last autonomous maneuver, varied
to simulate different possible timing scenarios
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Table 6 Estimated 1o formal uncertainty in GM as a function of the stochastic-acceleration batch time
applied to the host spacecraft within a £5-minute window around CA, used to simulate different levels of
onboard activity. Relative uncertainties are shown in brackets

Flyby scenario logar [km3/s2] logar [km3/s2]

- 5 min stochastics - 1 min stochastics
50 m - 1 km/s 2.1-10712 [23%] 3.8-1012 [42%)]
50 m - 5 km/s 1.1- 10711 [not obs.] 1.9 - 10~ ! [not obs.]

Relative uncertainty ogm [%]

10°

HostSC-only Dual + WVR
HostSC-only Dual + WVR +APIC
—e— X-X + APIC +2 GIROs

30 50 150 300 400 500
Asteroid radius [m]

Fig. 14 1o formal uncertainty in the asteroid’s GM as a function of asteroid radius, assuming a Bennu-
like bulk density of 1.19 g/cm?, and the baseline flyby scenario of 50 m altitude above the surface at
5 km/s. The plot compares different flyby experiment configurations

CA. Specifically, two batch durations are tested: 5 min and 1 min. Outside this window,
the batch time is kept constant at the nominal value of 8 h.

The OD results reported in Table 6 show that, for flybys of 2024 YR4 faster than
5 km/s, the GM estimation fails when using 5- or 1-minute batch durations. This high-
lights the critical importance of minimizing onboard activity within £5 min of CA for fast
flybys, to reduce the impact of unmodeled NGAs and to ensure a reliable mass determina-
tion. It also further underscores the benefits of adopting an APIC camera, which enables
the spacecraft to avoid such rapid slews during the encounter.

7.4 Sensitivity to asteroid size and density

Finally, we present the results obtained by varying asteroid sizes and densities across dif-
ferent flyby configurations, to extend the analysis to a broader range of mission scenarios
and targets. The flyby geometry assumes a 50 m altitude above the surface and a relative
velocity of 5 km/s with respect to the asteroid.

Figure 14 illustrates the results for several configurations, assuming again a Bennu-
like bulk density of 1.19 g/cm3. First, we consider the host spacecraft alone under optimal
Earth-based geometry (¢ ~ 0, see Fig. 3), assuming dual-link + WVR Doppler data. We
then include the contribution of APIC optical images, which improve the spacecraft’s
relative position knowledge with respect to the asteroid. Finally, we examine the refer-
ence GIRO configuration with X-X Earth-based link, APIC images, and the addition of
two beacons.
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Fig. 15 Contour plot of the 1o formal uncertainty in the asteroid’s GM as a function of asteroid radius
and bulk density, for the baseline flyby configuration at 50 m altitude above the surface, 5 km/s, involv-
ing two GIRO spacecraft and expected performance GIRO Doppler noise. The color scale indicates the
magnitude of the GM relative uncertainty

The results show that, without APIC imaging, meaningful mass estimation is not
achievable. When images are included, a relative GM uncertainty better than 30% is
obtained only for asteroids with diameters of approximately 300 m or larger. This con-
firms that Earth-based tracking alone, under typical flyby conditions, is insufficient for
precise mass determination of small bodies and depends heavily on favorable geome-
try—conditions that may be difficult to guarantee in the context of rapid reconnaissance
missions for planetary defense. In contrast, the inclusion of GIRO beacons enables high-
accuracy mass estimation across a broad range of asteroid sizes, down to radii as small as
30 m. In this configuration, the GM uncertainty remains below 25% for all tested cases
and drops below 1% for asteroids with radii larger than approximately 130 m.

Figure 15 provides a contour plot for the two-GIRO configuration, showing the 1o
GM uncertainty as a function of asteroid radius (30—500 m) and bulk density (1.0-6.0
g/cm?), using the baseline flyby scenario. The results indicate that, for asteroids larger
than 100-150 m in radius, density has a limited effect on the uncertainty, with accura-
cies below 1%. However, for smaller bodies, the influence becomes more pronounced.
For example, for a 30 m radius asteroid, the uncertainty scales linearly with density, as
expected, and ranges from approximately 28% at 1.0 g/cm3 to 5% at 6.0 g/cm3.

These findings confirm the potential of the GIRO system to enable reliable mass esti-
mation across a wide range of flyby conditions, including small, fast, and low-density
targets.

8 Conclusions
This study provides a comprehensive performance assessment of the Gravity Imaging
Radio Observer concept for precise mass estimation of small asteroids during close fly-

bys, leveraging high-precision inter-satellite Doppler tracking combined with optical
imaging. Using a detailed simulated flyby of the 60-meter asteroid 2024 YR4 as a rep-
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resentative case, assuming a low Bennu-like density, we demonstrate that a dual-beacon
configuration with Doppler noise levels in the range of 1.0 to 0.1 um/s enables unprec-
edented accuracy in estimating the asteroid’s gravitational parameter during a flyby. In
this work, the specific onboard guidance algorithm that ensures the correct execution
of the close flyby is not simulated, as such modeling lies beyond the scope of this study
and its effectiveness has already been demonstrated in previous missions. Nevertheless,
the execution uncertainties of the terminal guidance navigation maneuvers are incorpo-
rated into our dynamical model, as they affect the flyby geometry and, consequently, the
achievable GM accuracy.

Under realistic conditions involving moderate relative velocities and challenging
flyby geometries, GIRO achieves relative uncertainties in the order of 20%, with
performance improving to a few percent uncertainty for encounter velocities near
1 km/s. We then expanded the analysis showing robust mass estimates across a wide
range of asteroid sizes, densities, number of GIROs, and flyby geometries.

The results highlight several key findings:

® A host spacecraft-only flyby configuration, even when supported by dual-link Dop-
pler from Earth, WVR calibration, and optimal Earth-view geometry, enables mean-
ingful GM estimation only for asteroids larger than approximately 150 m in radius,
assuming a Bennu-like density.

e The GIRO release direction analysis highlighted that releasing the beacons along the
cross-track direction yields the best GM results, whereas an along-track release re-
sults in a significant loss of GM observability.

e Asingle GIRO, combined with optical imaging, is sufficient to enable accurate mass
estimation for asteroids with radii as small as 30 m when released in an optimal ge-
ometry (e.g., co-aligned with the host spacecraft at closest approach). Adding a sec-
ond and third beacon further improves the solution, providing up to a factor of 1.6
reduction in the GM uncertainty compared to the single-GIRO case—yielding relative
accuracies on the order of 20%-—and is also recommended to enhance redundancy and
overall robustness.

e Asteroid images acquired within a few minutes of closest approach are not critical for
mass estimation. However, they significantly improve the heliocentric orbit determi-
nation of the asteroid, as well as the relative positioning of the spacecraft and GIROs.

o The GIRO experiment estimates the asteroid’s mass using only relative measure-
ments, making the GM determination independent of Earth-based tracking. Nonethe-
less, Earth-based data remain important for constraining the asteroid’s ephemeris.

e Post-flyby data carry the highest information content, with the differential deflection
between the host spacecraft and the beacons providing the strongest signal. Even
without data exactly at closest approach, precise GM estimation remains achievable.

o The impact of the last terminal guidance maneuver execution on GM uncertainty
ranges from 20% when the maneuver is performed at CA—30 min to 42% when ex-
ecuted at CA—5 min. For the flyby configuration considered in this study, the final
maneuver is expected at CA—20 min, leading to a mass uncertainty of ~ 20%. Re-
garding spacecraft attitude control, for flyby velocities exceeding 5 km/s, maintaining
an inertially fixed attitude around closest approach—thereby avoiding rapid slews—is
recommended to reduce the influence of unmodeled non-gravitational accelerations.
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e Increasing host spacecraft stochastic acceleration outside the CA window from the
nominal 10~'2 km/s> up to 10~'° km/s* has a negligible impact on GM estima-
tion accuracy. Stochastic accelerations acting on the beacons have an even smaller
impact on GM estimation. Moreover, if needed, their effects can be mitigated by
modeling correlations due to the identical geometry of the beacons. The GIRO design
as a spinner, having its spin axis oriented normal to the spacecraft-GIRO relative
velocity, averages out spacecraft thermal re-radiation in the plane perpendicular to
the spin axis. When two GIROs are flown simultaneously, residual common-mode
components along the spin axis can also be effectively canceled through differential
measurements.

e The GIRO-based mass-estimation approach is scalable across a broad range of flyby
conditions. For example, under a two-beacon configuration and assuming GIRO
expected-performance Doppler noise, the method yields relative GM uncertainties
below 47% at 10 km/s and 50 m altitude for a Bennu-like density 2024 YR4, about
23% at 5 km/s, and as low as 5% for 1 km/s flybys. For the fast flybys, the addition
of a third GIRO further reduces the uncertainties by a factor of approximately 1.3.

e The method is robust to variations in asteroid size and density. For a 50 m altitude
above the surface, 5 km/s flyby of a 1.0 g/cm? asteroid, the relative GM uncertainty
is about 28% for a 30 m radius object, and below 1% for radii larger than ~150 m.
Sensitivity to bulk density becomes significant only for very small asteroids (e.g.,
30 m radius), with GM uncertainties around 28% for low-density bodies (1.0 g/cm?),
improving to 5% for high-density cases (6.0 g/cm®). For asteroids larger than 100 m,
the results are largely insensitive to density variations.

e The system is well-suited for rapid-response missions, as it requires no ground-based
geometric constraints and can leverage COTS components for fast and flexible de-

ployment.

Overall, the GIRO concept emerges as a flexible, cost-effective, and highly promising
technology for enabling precise mass estimation of small asteroids under a wide range of
flyby conditions, including variations in encounter velocity, geometry, and target proper-
ties such as size and density. By delivering high-accuracy, Earth-independent measure-
ments through inter-satellite Doppler tracking, GIRO overcomes many of the limitations
of traditional methods and extends gravity science to objects that were previously inacces-
sible during flybys. This capability is particularly valuable for planetary defense—where
rapid, robust, and accurate characterization of potential threats is essential.
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