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Abstract

Autonomous navigation is essential for small-body exploration, particularly for sophisticated
missions such as sample-return operations. This study proposes a radio marker-based self-
positioning system for small-body exploration using the asynchronous one-way ranging
(AOWR) technique. In the proposed system, the spacecraft distributes a master time refer-
ence to radio markers deployed on the surface, enabling simultaneous ranging and clock
synchronization among multiple entities. The system is designed to support both surface
landing and cooperative rendezvous operations within a multi-spacecraft mission architec-
ture. To demonstrate the feasibility of the proposed system for small-body exploration, a
ground-based analogue experiment was conducted using a drone and four radio markers.
The experimental results show that the system achieves positioning accuracy comparable to
GPS-based measurements on the ground, indicating its applicability to small-body missions.

Keywords: positioning; ranging; clock synchronization; small body exploration;
drone experiment

1. Introduction
Small-body exploration has been actively studied, and the spacecraft (SC) system is

required to have a high level of autonomy to conduct sophisticated missions such as sample
return, due to the communication delay from the ground [1]. Relative navigation with re-
spect to the small body is essential for safely conducting a sample-return mission, especially
for touchdown operations on the surface. A target marker (TM), an artificial landmark,
was used in the Hayabusa and Hayabusa2 missions for vision-based navigation during
the touchdown operation [2,3]. A TM improves the robustness of landmark detection
against measurement noise and solar illumination conditions compared to natural terrain
features, whose appearance varies depending on the solar angle, and prior knowledge is
limited [1,3]. An autonomous onboard optical navigation method for small-body landing
was studied [4]; however, natural landmark-based matching is highly sensitive to self-
shadowing effects, which are significant on small bodies. OSIRIS-REx used light detection
and ranging (LIDAR) measurements for touchdown navigation and successfully performed
the sampling operation [5,6]. Furthermore, a flash LIDAR for autonomous landing was
developed and demonstrated by a rocket-powered vehicle, and the LIDAR is operational
for more than one kilometer ranges [7]. However, as reported in [2], malfunction of the
reaction wheel (RW) made LIDAR observations unreliable due to unstable attitude control
when thrusters are used, suggesting a potential vulnerability in system robustness.
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The advanced sample-return mission consisting of multiple SCs has been studied [8].
The proposed mission architecture is based on cooperative exploration using multiple
SCs, including an orbital transfer vehicle (OTV) and a lander. In this concept, the lander
descends to the small-body surface to collect samples and subsequently returns to the
OTV, which remains at a home position (HP) above the surface to perform rendezvous and
docking (RVD). Similar cooperative architectures can be seen in the Mars sample-return
mission, in which an Earth Return Orbiter retrieves orbiting sample capsules and transports
them back to Earth [9,10]. In such advanced missions, reliable guidance and navigation for
autonomous rendezvous (ARV) in deep space is one of the key technological challenges.

Cooperative RVD in deep space can be conceptually divided into two regimes: far-
range and close-range operations. For close-proximity operations at distances below
approximately 100 m, LIDAR or vision-based relative navigation is generally effective, as
demonstrated in numerous RVD missions in low Earth orbit (LEO) [11,12]. These methods
provide accurate relative position and attitude information and are well-suited for the
final docking or capture phase. However, the same approach is not always suitable for
far-range guidance from the HP (several to tens of kilometers) to the proximity region.
Detecting the other SC using an onboard camera at such distances strongly depends on
solar illumination conditions, surface albedo, and the attitude of both spacecraft, which
may reduce the robustness of the navigation. Flash LIDAR-based navigation has also
been studied for cooperative rendezvous and is advantageous because it can operate
under a wide range of lighting conditions [13]. Although recent technological advances
have extended the operational range of LIDAR to several tens of kilometers, such sensors
still tend to require relatively high transmission power and mass, which may limit their
applicability to small-body missions [14]. Ground support could assist in target detection
using optical observations; however, this would require very slow approach velocities due
to the large control delay caused by the round-trip communication latency. As a result,
mission efficiency may be significantly reduced, and operational risk may increase.

The Advanced Rendezvous demonstration using GPS and Optical Navigation
(ARGON) experiment using the Prototype Research Instruments and Space Mission tech-
nology Advancement (PRISMA) mission demonstrated angles-only navigation by incorpo-
rating flight dynamics models with offline processing [15]. The fully autonomous guidance
was later implemented in the Autonomous Vision Approach Navigation and Target Identi-
fication (AVANTI) experiment in LEO using angles-only measurements [16], although the
absolute position of the chaser spacecraft was still available from a Global Navigation Satel-
lite System (GNSS) receiver, which is distinct from the deep-space scenario. These studies
highlight that autonomy is feasible in LEO when camera measurements are supported
by GNSS. However, small-body exploration is fundamentally more challenging because
accurate absolute positioning is hardly available in real time. Ground-based radiometric
ranging has large latency and is not suitable during frequent maneuvering in RVD oper-
ations. To bridge the gap between far-range and close-range operation, an autonomous
navigation method that can cover distances of several tens of kilometers without relying
on vision, LIDAR, or ground intervention is highly desirable.

Radiometric inter-spacecraft ranging has long-range capability with relatively low
power consumption. The satellite-to-satellite tracking (SST) enables relative orbit determi-
nation (OD) under known dynamics conditions [17]; however, under frequent maneuvering
during ARV, the uncertainty in the flight dynamics model becomes significant. Therefore,
real-time point positioning is preferable for the ARV phase rather than orbit determination
relying on a dynamics model.
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The authors have been studying the asynchronous one-way range (AOWR) method,
which realizes simultaneous ranging and clock synchronization [18,19]. With multiple
ranging links from known locations, this method enables point positioning by trilateration
without relying on a detailed flight dynamics model, analogous to the principle of GNSS.
Similarly, ultra-wideband (UWB) positioning is used for indoor positioning [20]; however,
an external time synchronization method is required to apply it to high-speed objects such
as SC. The consolidated capability of AOWR enables point positioning over kilometer-
scale distances for fast-moving objects without external time synchronization, providing a
promising navigation solution for touchdown operations and the far-range phase of ARV
in small-body sample-return missions.

This study proposes a standalone self-positioning system for small-body sample-return
missions based on an AOWR network deployed on the surface of the target body. In this study,
“self-positioning” refers to position determination enabled by an AOWR network that is time-
synchronized to the SC (serving as the master clock), without relying on external navigation
infrastructure such as GNSS. The paper describes how the network can be constructed on
a small body. Furthermore, it presents the results of a field experiment demonstrating the
positioning capability using a drone as an analogue for small-body operations. The estimated
positions are evaluated against GNSS-based positioning of the drone.

The remainder of this paper is organized as follows: Section 2 provides an overview of
the AOWR technique, including its implementation aspects; Section 3 presents the concept
of the proposed navigation system, along with feasibility analyses in terms of link budget
and expected positioning performance; Section 4 describes the field experiment using a
drone and the corresponding positioning results; and Section 5 concludes the paper.

2. Asynchronous One-Way Range Measurement
2.1. AOWR Overview

The fundamental principle of the AOWR method is briefly summarized here. Figure 1
illustrates the simplified signal flow between ground station (GS) and SC in the AOWR method.
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Figure 1. Simplified signal flow in AOWR method (adapted from [19]).
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Here, c is the speed of light; tg and ts denote the time systems of the GS and the
SC, respectively; ρ denotes the geometric range between the GS and the SC at the signal
reception time; and ∆t represents the clock offset of the SC with respect to the GS. The
quantities P′

g and P′
s denote the generalized pseudo-ranges (defined later in this section) for

the GS and the SC, respectively.
The pseudo-range measurements obtained at the GS (Pg) and the SC (Ps) can be

expressed, in their simplest form, as

Pg = c(tg f − ts0) = ρ − ∆ρs − c∆t (1)

Ps = c(ts f − tg0) = ρ + ∆ρg + c∆t (2)

where the subscripts 0 and f indicate the transmission and reception events, and ∆ρg and
∆ρs represent the position changes along the line-of-sight from the GS to the SC during
the signal propagation period for the GS and the SC, respectively. Note that tg and ts are
independent and asynchronous time systems; therefore, the reception times measured by
the two clocks are not identical (tg f ̸= ts f ), even though the signal is received at the same
physical instant. The clock offset is defined as ∆t = ts f − tg f . Atmospheric effects are not
considered here, as the intended application is small-body exploration.

Introducing the generalized pseudo-ranges of the GS (P′
g) and the SC (P′

s) yields the
following relations:

P′
g ≜ Pg + ∆ρs = ρ − c∆t (3)

P′
s ≜ Ps − ∆ρg = ρ + c∆t (4)

When the GS is located on the Earth’s surface, ∆ρg can be computed using the
ephemeris data and the Earth rotation model. If the GS is located on another celestial
body, the corresponding ephemeris must be used. The term ∆ρs can be estimated by
combining the line of sight (LOS) velocity derived from Doppler frequency measurements
with the computed value of ∆ρg. From the above relations, the summation and subtrac-
tion of the two measurements provide estimates of the geometric range and the clock
offset, respectively:

ρ =
1
2
(P′

g + P′
s) (5)

∆t =
1
2c

(P′
s − P′

g) (6)

This formulation implicitly assumes that the pseudo-range measurements at the GS
and the SC are obtained at the same physical instant. In practice, however, a time offset
exists between the two measurements, and the resulting change in ρ introduces an error in
the AOWR observables. When the relative velocity between the GS and the SC is high, this
reception-time mismatch becomes a non-negligible error source in the AOWR scheme. The
resulting error in the estimated clock offset is approximately proportional to the reception-
time offset multiplied by ρ̇/c + ∆̇t, where ρ̇ and ∆̇t denote the range rate and clock drift
rate, respectively. Because ρ̇/c + ∆̇t ≪ 1, even for a low-grade oscillator, the clock offset
estimated by AOWR rapidly converges to the true value through iterative clock updates
at the SC. Therefore, the errors in both clock offset and range estimation caused by the
reception-time mismatch are negligible in practical operation.

Furthermore, carrier phase-based accurate ranging and clock synchronization have
been proposed [21]. Similar to pseudo-range measurements, the generalized carrier phase

https://doi.org/10.3390/app16094574

https://doi.org/10.3390/app16094574


Appl. Sci. 2026, 16, 4574 5 of 22

measurements in the time domain, C′
g at the GS and C′

s at the SC, can be expressed in their
simplest form as:

C′
g ≜ Cg +

∆ρs

c
=

ρ

c
− ∆t − NgTg (7)

C′
s ≜ Cs −

∆ρg

c
=

ρ

c
+ ∆t − NsTs (8)

where Cg and Cs are the carrier phase measurements at the GS and SC, respectively; Ng and
Ns are the phase ambiguities; and Tg and Ts denote the carrier periods of the downlink and
uplink, respectively. Accurate range estimates based on the carrier phase measurements
can then be obtained as

ρ = ρinitial +
c
2
(C′

g + C′
s) (9)

where ρinitial represents the initial carrier phase offset and is estimated as follows. Note
that ρinitial is distinct from the phase ambiguities Ng and Ns:

ρinitial =
1

2n

n

∑
i=1

{
(P′

g + P′
s)i − c(C′

g + C′
s)i

}
(10)

Here, n denotes the number of subsequent measurements, and the subscript i indi-
cates the measurement index. In the current implementation, the estimation of the initial
carrier phase offset requires several minutes to converge, since a sufficient number of
measurements must be accumulated to obtain a stable estimate. A detailed and rigorous
derivation of this procedure is reported in [21]. The field experiment utilizes this carrier
phase capability to achieve accurate positioning.

2.2. Implementation Aspect of AOWR

The authors developed the AOWR device and performed the field experiment [22].
The pseudorandom noise (PRN) code is used for timing measurements, and telemetry
data are encoded on the code. Exchanging measured information introduces latency in the
ranging and clock synchronization processes, due to both the finite length of the telemetry
data and the signal propagation delay between distant entities. Figure 2 illustrates the
relationship between the telemetry reception timing and the time tag of the telemetry. The
blue dots represent the exchanged telemetry-based range observations. The notation i rec.
indicates the reception timing of telemetry i, while its time tag corresponds to a past epoch,
as indicated by i. Therefore, the difference between the reception timing and the time tag
corresponds to the telemetry latency, as shown in Figure 2. The current implementation
follows the heritage of the GPS L1 C/A architecture; therefore, the telemetry period is
limited to every six seconds, corresponding to the subframe period of GPS L1 C/A. As a
result, an approximately ten-second latency exists in obtaining the range and clock offset
observations. Note that this telemetry frequency is not a fundamental limitation of the
method and can be increased with a higher data rate, thereby reducing the latency.

The pseudo-range and carrier phase measurements are continuously obtained while
the tracking loop remains locked to the received signal, at intervals of 20 ms. For real-
time positioning, both low latency and high-frequency range updates are essential. By
using continuous tracking results, the clock offset can be extrapolated without requiring
the counterpart’s measured information at the same epoch, thereby enabling continuous
range estimation. Although the accuracy is degraded, the increased data frequency im-
proves the usability of the positioning system for real-time autonomous operations. The
current implementation estimates the clock drift rate from successive telemetry-based
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clock offset measurements and uses it to extrapolate the clock offset. Let ∆ti denote the
measured clock offset at epoch ti. The clock drift rate ∆̇ti is computed using a backward
difference approximation:

∆̇ti =
∆ti − ∆ti−1

ti − ti−1
(11)

The clock offset at time t is then extrapolated as

∆̂t(t) = ∆ti + ∆̇ti(t − ti) (12)

To mitigate the impact of measurement noise, the clock drift rate can alternatively
be estimated using a least-squares fit over multiple consecutive measurements. A more
detailed derivation of this approach can be found in [23].

Figure 2 also illustrates the latency and update frequency of the extrapolated AOWR
product. The arrows indicate the duration of the telemetry interval and latency. The notation
“i rec.” denotes the reception of telemetry of epoch i, at which point the corresponding AOWR
product becomes available. After the latest telemetry is received, the extrapolated product
becomes available up to a time that is offset from the current time by the same latency as the
telemetry-based product. Consequently, the extrapolated product has the same latency as the
telemetry-based product, but provides data at a higher frequency of 20 ms.

time of product

now

Telemetry
Extrapolate

range

telemetry interval

telemetry latency

𝑖𝑖 − 1

event
𝑖 rec.𝑖 − 1 rec.

Figure 2. AOWR observation latency and frequency. The upper and lower horizontal axes represent
the time of product and the event timeline, respectively.

3. Navigation System and Feasibility Study
3.1. AOWR Network-Based Positioning

The radio marker (RM)-based positioning system for the small-body sample-return
mission is shown in Figure 3. The shown configuration uses only three RMs on the surface,
which is the minimum configuration. More RMs can enhance the system robustness if the
OTV and lander have a capability. When three or more ranges are obtained at the SC, the
SC can determine its position autonomously. Here, the clocks of RMs are synchronized with
the SC’s clock via the AOWR process without requiring the external time synchronization
scheme, which is distinct from the UWB positioning. Therefore, the system can support the
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positioning of the lander in the landing phase and the relative positioning of the lander
with respect to the OTV in the RVD phase.

The dilution of precision (DOP) is helpful to evaluate the expected positioning perfor-
mance. Due to the limited size of small bodies, the baseline of RMs can be small compared
to the distance of the SC to the surface. As a feature of the AOWR-based positioning,
under such geometric circumstances, the vertical DOP (VDOP) can be negligible, which is
different from the GNSS-based positioning. It is because there is no coupling between the
vertical position component and the clock offset, since the AOWR observation provides the
range but not the pseudo-range, which includes the clock offset. The lateral uncertainty or
horizontal DOP (HDOP) is the same as when estimating the clock offset as well. Therefore,
HDOP can be relatively large in this geometric condition.

21
3

4 OTV

Lander

Figure 3. Concept of positioning system for a small-body sample-return mission. Numbers indicate
the IDs of the RMs.

Although the positioning accuracy degrades at larger distances from the surface, high
accuracy is not required during the initial phase of the landing sequence. In this phase, the
primary objective is coarse navigation to guide the lander toward the vicinity of the landing
site. As the lander descends and approaches the surface, the measurement geometry
improves, leading to a reduction in DOP and a corresponding increase in positioning
accuracy. This characteristic is advantageous, as high positioning accuracy is most critical
during the final approach and landing phase.

In contrast, during the RVD phase, the lander moves away from the RMs while
the OTV remains at a relatively distant parking point. As a result, the relative position
accuracy obtained by differencing the two independent positioning solutions may degrade
due to unfavorable geometry. However, once the position of the OTV is determined in
the local coordinate frame, it can be incorporated as an additional RM. This effectively
improves the measurement geometry and reduces the DOP, thereby enabling practical
relative positioning accuracy even in this configuration.

The preparatory operations required to construct the AOWR network-based self-
positioning system around a small body are illustrated in Figure 4. First, the RMs are
deployed by the lander prior to the landing phase. This preparatory approach can be
performed multiple times to assess the terrain conditions and ensure a safe landing. The
RMs can be released from an altitude of a few tens of meters above the surface, as demon-
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strated for TM deployment in the Hayabusa2 mission [3]. Placing the RM in the desired
place precisely is technically challenging and not necessary. The marker location will be
determined offline using a number of images. The lander can downlink images to the
GS either directly or via the OTV when its communication capability is insufficient for
direct communication with the GS. Determining the local coordinate system is performed
using the location of RMs and terrain image data, and the location of RMs (r1, r2, and r3) is
defined in the local coordinate system. Since the accuracy of the location is limited by the
accuracy of the image-based tracking data, the uncertainty information is also assumed to
be generated. That information will be uploaded through the OTV to the lander.

21
3

𝒙
𝒚

𝒛
𝒓𝟏Release

Track marker by camera continuously

𝒓𝟐 𝒓𝟑

Downlink images via OTV to ground system

Operator process and construct local 
coordinate system

Release radio markers on surface

OTV

Lander

Figure 4. Preparatory operation to construct AOWR network.

3.2. Radio Marker System

The RM deployed on the small body’s surface faces several system-level challenges,
including power, thermal, and communication constraints. Furthermore, a lightweight
and compact design is desirable due to the strict mass limitations of the overall spacecraft
system. This study assumes a 1U (10 cm cube) form factor for the RM in the system design.

Because the power resources of the RMs are limited, the feasibility of establishing a
reliable communication link must be verified. Table 1 summarizes the link budget calculation
for the AOWR link at a distance of 50 km. Although the frequency selection is preliminary,
the S-band is adopted in this analysis. For hemispherical coverage, the antenna boresight gain
is assumed to be 3 dBi. A pointing loss is included when the link elevation deviates from the
boresight direction. The transmission power is set to 1 dBm, which can be achieved using
a software-defined radio (SDR) board without an additional power amplifier. The results
indicate a sufficient link margin, demonstrating the feasibility of the communication link.

The feasibility from other system perspectives depends on the specific mission scenario;
therefore, detailed analysis is beyond the scope of this paper.
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Table 1. AOWR link budget for radio marker and spacecraft.

Property Unit Uplink (RM to SC) Downlink (SC to RM)

Frequency MHz 2050 2285
TX Antenna Patch Patch
TX Ant Gain dBi 3 3
TX Power dBW −30 −30
Feeder Loss dB 2 5
TX EIRP dBW −29 −32
Free Space Path Loss dB 133 134
(Distance) km 50 50
Other Loss dB 5 5
RX Ant Gain dBi 3 3
Pointing Loss dB 3 3
System Noise
Temperature dBK 26 26

RX C/No dBHz 41 37

Modulation BPSK BPSK
Eb/No w/margin dB 9.6 9.6
(BER)/code-pulse 10−5 10−5

(Property) (20 ms, 0.5 MHz) (20 ms, 0.5 MHz)
Bit Rate dBHz 17 17
Required C/No dBHz 27 27

Link Margin dB 14 10

3.3. Analysis of Expected Performance

This section presents a numerical analysis of the DOP for a landing probe on a small
body. The simulation starts at an altitude of 1 km and ends at 10 m. The assumed trajectory
is a constant-speed descent toward the landing site, taking into account the rotation of the
small body about its body-fixed z-axis. This trajectory is illustrated by the blue line on
the right-hand side of Figure 5 and is expressed in the body-fixed frame. The red points
represent the locations of the RMs, the green dashed lines indicate the LOS directions from
the RMs to the SC at the beginning of the simulation, and the gray sphere is the surface of
the small body. The rotation period of the small body is assumed to be 15 h, the radius is
500 m, and the shape is modeled as a sphere. The descent phase lasts for 1 h. To account
for terrain occultation of the radio link from the RMs to the SC, a minimum elevation angle
of 5 deg is adopted as the visibility condition. Although the visibility condition depends
strongly on the shape of the small body, more realistic geometric effects, such as deviations
from a spherical shape (e.g., oblate or irregular forms), are beyond the scope of this study.

The left-hand side of Figure 5 shows the DOP history of the lander and the num-
ber of visible RMs when four RMs are used with a displacement angle of 20 deg from
the body’s center-to-landing-site LOS direction. The displacement angle is defined as
arccos (⃗rland · r⃗RM)/(|⃗rland| · |⃗rRM|), where r⃗land and r⃗RM denote the position vectors of the
landing site and the RM, respectively, measured from the center of the small body. The
position DOP (PDOP) starts at approximately 8 and decreases as the SC approaches the
surface. Note that PDOP and HDOP show similar values, while VDOP remains close to 1,
which is a characteristic feature of AOWR-based positioning. At an altitude of approxi-
mately 60 m, the number of visible RMs becomes fewer than three due to terrain occultation;
therefore, the DOP cannot be computed below this altitude. Under this configuration, the
PDOP decreases to approximately 1.5 near the end of the descent, indicating that sufficient
positioning accuracy can be achieved for landing.
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Figure 5. History of DOP and visible RMs and lander’s trajectory.

Figure 6 shows the maximum PDOP and the minimum altitude at which at least three
radio links are available, as functions of the number of RMs and their displacement angles.
In this analysis, the same SC trajectory as shown in Figure 5 is assumed. Although the
placement of RMs is an important factor, one marker is placed at the landing site, while
the others are placed at the maximum displacement angle and are evenly distributed in
azimuth direction. When the distance between the RMs, i.e., the baseline of the network,
increases, the HDOP decreases. However, at lower altitudes, the SC cannot maintain a
sufficient number of ranging links with the RMs due to terrain occultation. Therefore, a
trade-off relationship appears between the maximum PDOP and the minimum altitude at
which positioning is available, as shown in Figure 6.
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Figure 6. Maximum PDOP and minimum altitude for positioning by RMs depending on the number
of markers and displacement angles.

In the present descent scenario, the maximum PDOP occurs at the initial phase of the
descent; therefore, the positioning accuracy improves as the SC approaches the surface.
Note that the DOP values strongly depend on the geometric placement of the RMs, and the
present analysis corresponds to one representative configuration. An optimization study
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of beacon placement for a similar positioning system applied to Mars landing is reported
in [24]. As shown in Figure 6, increasing the number of RMs and the displacement angle
improves the PDOP, because the baseline of the network becomes larger and the HDOP,
which dominates the PDOP, decreases. In addition to the DOP, the positioning accuracy is
also discussed in the following section based on the actual ranging results obtained from
the field experiment.

Regarding the minimum altitude for positioning, the current analysis is limited to
an altitude of 10 m; therefore, positioning is available throughout the descent when the
displacement angle is 5 deg. As the displacement angle increases, the minimum altitude for
positioning also increases because the RMs are more likely to be hidden by the terrain of the
small body. The number of RMs does not significantly improve the minimum altitude for
positioning; rather, it strongly depends on the displacement angle. This is because the current
marker placement focuses on the maximum displacement angle, and the elevation angles
of the RMs with respect to the SC become low, since most markers are located far from the
landing site. It should be noted that the final approach phase is expected to be supported
by alternative navigation methods, such as vision-based navigation; therefore, maintaining
radio-based positioning down to a few tens of meters is sufficient for the proposed system.

4. Field Experiment
4.1. Experiment Overview

The positioning capability of the AOWR network was demonstrated using a drone
and RMs. The configuration is shown in Figure 7.

50m

15m

𝒙

𝒚

𝒛

1. Take-off

2. Hovering at 50m

3. Descent

1

2

3

4

Figure 7. Drone field experiment configuration and procedure.

Four markers are placed on a circle with a diameter of 15 m. Although, in theory, the
position can be determined using at least three range measurements obtained from the
AOWR, an additional marker is introduced to improve robustness against link disconnec-
tion and to enhance positioning accuracy. The local coordinate system is defined as shown
in Figure 7, where the origin is located at the center of the circle. The x-axis is aligned with
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the line connecting marker 1 and marker 3, the y-axis is orthogonal to the x-axis and aligned
with the line connecting marker 2 and marker 4, and the z-axis completes the right-handed
coordinate system. The antenna locations of the markers are defined in meters as follows:
1: (7.5, 0.0, 0.7), 2: (0.0, 7.5, 0.7), 3: (−7.5, 0.0, 0.7), 4: (0.0,−7.5, 0.7). In the actual experi-
ment preparation, the marker’s location is precisely measured by the tape measure and
placed on the designated places.

The experiment procedure is defined to start with hovering at the maximum height (50 m)
and then descending toward the surface in order to avoid multipath reflections from the ground
at the initial phase. In addition, the initial carrier phase offset estimation described in Section 2
is required to refine the ranging accuracy, and this process takes a few minutes in the current
implementation. Considering the intended application to small-body exploration, the distance
between the small-body surface and the SC is initially large and gradually decreases as the
spacecraft approaches the surface. Accordingly, the experimental procedure is designed to
emulate the landing phase of the mission scenario. Positioning is performed via least-squares
estimation based on the range measurements. For evaluation of the positioning performance, the
GNSS-based position provided by the drone is used as a reference for comparison.

The experiment components and the actual configuration of the field demonstration
are shown in Figure 8. The drone used in the experiment is a DJI Matrice 600 Pro, and
the payload for AOWR ranging is mounted on the drone. The built-in GNSS antenna and
receiver are used only for post-experiment comparison with the estimated position data.
Platform-type markers (bottom left in Figure 8) are used in this experiment. Cardboard
is selected as the platform material to minimize radio signal reflections from the marker
structure. The onboard battery supplies power to the single board computer (SBC), SDR
transceiver, oven-controlled crystal oscillator (OCXO), and low noise amplifier (LNA). The
SBC processes the data sampled by the SDR. The same type of antenna is employed on
the drone, featuring a relatively narrow radiation pattern with a half-power beamwidth of
approximately 20◦. To establish four ranging links simultaneously, independent PRN codes
are assigned to each marker. The Wi-Fi band was selected for the operating frequency. The
right-hand side of Figure 8 shows the actual flight scene during the experiment.

Drone

4 stations

GNSS antenna

Antenna
Battery

SBCLNA

SDR

OCXO

Payload

Filter

Date: 2025 Sep. 18

Figure 8. Experiment components and field demonstration.
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4.2. Experiment Results

Figures 9 and 10 show the history of carrier-to-noise density ratio (C/N0) and the
range measurements obtained by the drone. The horizontal axis represents the AOWR
local time in seconds. The C/N0 data, only when the ranging link is established, is shown.
In Figure 10, “AOWR” denotes the telemetry-based range, while “AOWR 20 ms” represents
the extrapolated range obtained at 20 ms intervals.
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Figure 9. C/N0 history of drone. The vertical dashed line indicates the start of the descent.
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Figure 10. Range history measured by drone. The vertical dashed line indicates the start of
the descent.

During hovering, the C/N0 remains stable at more than 50 dB-Hz, and the measured
ranges remain nearly constant until approximately 1520 s. After this point, the drone begins
to move, and a circular descent phase starts, as indicated by the dashed line in Figure 9.
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During the motion phase, the C/N0 fluctuates due to attitude variations of the drone,
which alter the elevation angle of the links and thus the effective antenna gain, while
remaining above 40 dB-Hz. Furthermore, from the descent phase onward, the range values
begin to decrease, as shown in Figure 10. After 1600 s, the ranging links are disconnected,
and the range measurements become unavailable as the altitude of the drone decreases.
Because the antenna pattern used in this experiment is relatively narrow, sufficient link
margin cannot be maintained when the elevation angle becomes low. In contrast, the
antenna assumed for the small-body exploration scenario provides hemispherical coverage;
therefore, continuous ranging is expected to be maintained over a longer duration.

Regarding the extrapolated range, the results show good agreement with the telemetry-
based range, as illustrated in Figure 10. At the initial phase, small jumps can be observed
between successive telemetry updates, since the estimated clock offset is not yet sufficiently
accurate due to the limited accuracy of the telemetry-based solutions, which is caused by
the incomplete convergence of the initial carrier phase offset estimate (see the following
paragraph for details). However, this estimation improves over time, and the extrapolated
range smoothly connects the telemetry-based solutions.

The initial carrier phase offset estimation results are shown in Figure 11 in units of
meters for each RM. The estimated values and their convergence behavior differ among the
RMs. The authors observed a sinusoidal variation in the estimated profiles, and the period
of this variation depends on the clock drift rate of each RM relative to the drone clock.
Specifically, markers 1 and 3, whose clock drift rates are small, exhibit very long periods,
whereas marker 4, whose clock drift rate is large, shows a faster variation. Although the
amplitude of the variation is within approximately 5 m in all cases, marker 4 reaches a
value close to the final solution in a relatively short time, while the markers with longer
periods continue to exhibit drifting behavior throughout the ranging interval. This slow
convergence results in a residual bias in the ranging measurements.
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Figure 11. Initial carrier phase offset estimation process. The vertical dashed line indicates the start
of the descent.
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Figure 12 shows the positioned drone trajectory by different methods. The data
label “AOWR” indicates the position obtained using the telemetry data, which is every six
seconds, “AOWR 20ms” is for those obtained from the extrapolated range, and the “GPS” is
for those obtained from the GNSS receiver. The position is expressed in the local coordinate
system shown in Figure 7; thus, the GNSS-based position obtained in Earth-centered,
Earth-fixed (ECEF) frame is converted.

Figure 12. Positioning results comparison in 3D plot.

Figure 13a,b show the difference from the GNSS-based positioning result and DOP
over the experiment duration, and its enlarged view during the motion phase, respectively.
In both figures, the first three rows show the difference from the GNSS-based position in
x, y, and z axes of the local coordinate, and the bottom row shows the DOP history of the
AOWR-based positioning during the flight. Note that it is not the absolute positioning
error but the difference from the GNSS-based positioning results, as no truth position is
available. The horizontal axis indicates the local time of the AOWR system.

Initially, the AOWR-based position differs from the GNSS-based position, especially
in the y-direction. This is because the estimation of the initial carrier phase offset is not
sufficiently accurate, as shown in Figure 11. The estimation converges after several hundred
seconds, and the estimated position then matches the GNSS-based position. Although the
experimental results show limited accuracy in the initial phase, the authors found that
using an independent sampling rate at the ranging entities accelerates the estimation of the
initial carrier phase offset even when the clock drift rate is low. Therefore, the initialization
phase can be accelerated in future studies.

After the initial carrier phase offset is estimated with practical accuracy, the position
difference from the GNSS-based position is within a few meters, while the DOP is approxi-
mately 7.5. This implies that the ranging accuracy is at the sub-decimeter level. As seen
in the DOP plots in Figure 13b, the descent phase starts around 1560 s, and the profile
during the descent is nearly identical to the numerical analysis shown in Figure 5. There-
fore, similar positioning performance can be expected in the small-body landing scenario.
Furthermore, the HDOP is much larger than the VDOP in this geometric configuration.
Due to the relatively large HDOP, the errors in the x- and y-axes reach a few meters, while
the error in the z-axis remains within one meter.
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Figure 13. Position difference from GPS-based position and DOP over the entire experiment duration
(a) and during the motion phase (enlarged view) (b).

The extrapolated solution, “AOWR 20 ms”, slightly deviates from the exchanged-
telemetry-based solution, “AOWR”. This difference is caused by extrapolation errors
between telemetry intervals, which are corrected upon reception of new telemetry. The
discrete steps observed in the position difference arise from this clock offset update at
each telemetry epoch. Between updates, the clock offset is extrapolated, leading to a
gradual accumulation of error, which is then corrected when new telemetry is received,
resulting in a corresponding discontinuity in the position solution. This behavior is in-
herent to the discrete telemetry update scheme and does not indicate instability in the
positioning algorithm.

Although the extrapolated range remains well aligned with the telemetry-based range,
as shown in Figure 10, noticeable deviations appear in the position-domain results. This is
because the position error is amplified by the DOP, which acts as a geometry-dependent
scaling factor. Furthermore, the difference in the magnitude of the deviation between the
horizontal and vertical components is attributed to the imbalance between HDOP and
VDOP, where HDOP dominates in the current geometry.

In Figure 12, the position results of AOWR end earlier than the GNSS-based results
because the ranging link is disconnected at low altitude, as described above. Additionally,
the exchanged telemetry-based results, “AOWR”, end earlier than the extrapolated results,
“AOWR 20 ms”. This is because the ranging solution based on exchanged telemetry relies on
past measurements. Consequently, the telemetry-based solution remains available until the
time corresponding to the last successfully exchanged telemetry, whereas the extrapolated
results remain available up to the actual time of link disconnection. In the final phase, the
position error of the extrapolated results increases even though the DOP values decrease.
This occurs because the clock extrapolation accuracy degrades in the absence of correction
from telemetry-based ranging results. Moreover, multipath effects from the ground surface
become more significant at low altitude, further degrading the ranging accuracy.

Table 2 summarizes the root mean square (RMS) position differences of the proposed
method with respect to the GNSS-based positioning results. The differences are evaluated
over both the entire period and the motion phase only, corresponding to Figure 13b. Due
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to geometric constraints reflected in the DOP, the horizontal error is larger than the vertical
one. Over the entire period, the 3D RMS difference is approximately 4 m, primarily due to
the inaccurate estimation of the initial carrier phase offset. In contrast, during the motion
phase, the accuracy improves to approximately 1 m for the telemetry-based results and 2 m
for the extrapolated results. These results are single-point positioning results obtained without
sequential filtering; therefore, further improvements in positioning accuracy are expected
when incorporating a dynamic model and applying state-estimation-based filtering.

Table 2. Summary of position difference from GNSS-based solution in RMS.

Entire Period Motion Phase

Method Horizontal (XY) Vertical (Z) 3D Horizontal (XY) Vertical (Z) 3D

Telemetry-based 3.88 0.76 3.96 0.81 0.73 1.09
Extrapolated 3.75 0.86 3.85 1.68 1.07 1.99

Figure 14 summarizes the estimated clock offsets of the four RMs with respect to the
drone. Depending on the clock drift rate, the clock offset either increases or decreases
over time. The data are shown at six-second intervals (telemetry period), so the change
between successive points corresponds to the clock drift over six seconds. The periodic
step-like behavior indicates that the clocks of the RMs are actively corrected to suppress
the magnitude of the clock offset. This correction is essential, as a large clock offset
leads to errors in both ranging and clock offset estimation due to the effects of range
rate and clock drift, as described in Section 2. The results demonstrate that the AOWR
method successfully estimates the clock offsets of multiple entities simultaneously, thereby
achieving simultaneous clock synchronization. The observed clock drift rates, derived
from the time history of the estimated clock offsets, are approximately as follows: marker 1:
2 ppb, marker 2: −3 ppb, marker 3: −1 ppb, and marker 4: −11 ppb. The relatively large
drift rate of marker 4 is consistent with the faster convergence behavior of the initial carrier
phase offset estimation shown in Figure 11.

Figure 14. Measured clock offsets of four RMs. The vertical dashed line indicates the start of
the descent.
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Regarding the extrapolation error in “AOWR 20ms” in Figure 13b, the solution de-
viates by a few meters from the exchanged-telemetry-based position until approximately
1570 s. During this period, the PDOP is approximately 7, and the telemetry interval is six
seconds. Assuming a position error of approximately 3 m, the corresponding range error
per link can be approximated as 3 m/7. Dividing this by the telemetry interval yields an
equivalent range-rate error of (3/7)/6 m/s. Converting this to a clock drift rate error by
normalizing with the speed of light gives an approximate drift rate error of 0.24 ppb. The
estimation accuracy can be improved by using multiple observations to estimate the clock
drift rate. Additionally, shortening the telemetry interval can mitigate the ranging error
caused by clock drift estimation errors by enabling more frequent updates.

4.3. Applicability to Small-Body Mission

The differences between the drone-based experimental environment and the small-
body exploration scenario are examined in this section.

The lateral offsets from the centroid of the RMs can occur during the initial phase of
landing in practical small-body missions. Although the flight experiment was conducted
with the drone initialized above the centroid of the RMs, the positioning framework is
not limited to this configuration. Numerical results show that lateral offsets degrade the
positioning geometry, primarily affecting the horizontal component. For example, at an
altitude of 1 km, the configuration with lateral offset yields approximately PDOP ≈ 8,
HDOP ≈ 8, and VDOP ≈ 1, as shown in Figure 5, whereas the zero-offset case results in
lower values of approximately PDOP ≈ 7, HDOP ≈ 7, and VDOP ≈ 0.5. This indicates
that the degradation is primarily driven by an increase in HDOP.

This behavior is attributed to the characteristics of the AOWR formulation, in which
clock ambiguity is eliminated and the marker baseline is small relative to the radial distance.
As a result, the positioning accuracy is dominated by the horizontal geometry. Although
VDOP is also affected by lateral offsets, its contribution to the overall positioning error
remains secondary. As discussed in Section 3, high positioning accuracy is not required at
large distances from the surface, where the primary objective is coarse navigation toward
the landing site. As the probe descends, the measurement geometry improves, leading to
reduced DOP values and enhanced positioning accuracy during the final approach phase,
where precise navigation is critical.

In addition, the scale differs significantly, with the experiment conducted at altitudes
up to 50 m, whereas the mission scenario extends to approximately 1 km. However, since
the positioning accuracy is primarily governed by the DOP and the ranging accuracy, and
the DOP values are comparable across these scales, the impact of scale is limited, provided
that sufficient ranging accuracy is maintained.

Differences in signal conditions may also affect ranging performance. While the
experiment assumes strong signal conditions, the small-body scenario may experience
reduced signal strength. Nevertheless, given the sufficient link margin shown in Table 1,
the resulting positioning accuracy is expected to remain comparable.

Based on the computed DOP values, the expected positioning performance in the
small-body scenario is consistent with the experimental results, with moderate degradation
under non-ideal geometric conditions.

5. Conclusions
This study proposed a standalone self-positioning system for a small-body sample-

return mission. The positioning system is based on multiple RMs deployed on the surface
of the small body and is applicable to both surface landing and ARV in a multi-spacecraft
mission architecture. The ranging method is AOWR, which enables simultaneous ranging
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and clock synchronization among multiple entities. This capability allows positioning
without requiring external time-synchronization means, unlike UWB-based positioning,
because the SC plays the role of a master clock and distributes time to all RMs. Additionally,
this consolidated feature allows the mother SC, or OTV, to function as an additional RM
for the ascending probe during the ARV phase.

This paper demonstrated the operational procedure of the RM-based positioning
system for a small-body sample-return mission, the preliminary ranging link feasibility
of the RM system under strict size and power constraints, and numerical analysis of the
expected positioning performance for the landing scenario. Furthermore, a field experiment
using a drone was conducted to validate the positioning capability of the proposed AOWR-
based network approach. The experimental results demonstrate that the proposed system
can achieve simultaneous clock synchronization and ranging among multiple entities, with
positioning accuracy comparable to GNSS-based measurements in a ground experiment.
This indicates that comparable positioning performance can be expected for small-body
exploration applications. The positioning accuracy analysis, accounting for DOP, indicates
that the ranging accuracy can be expected to reach the sub-decimeter level.

For future work, positioning simulations incorporating a realistic dynamical model
around the small body are essential to evaluate system performance in actual mission
conditions. The uncertainty in the RMs’ locations may affect positioning accuracy; however,
once a suitable dynamics model is available, it should be possible to refine the RM locations
using multiple ranging data with the spacecraft. This numerical verification is left for future
studies. In addition, to utilize the OTV as an additional RM for ARV, broadcasting the OTV
position is required. This would necessitate exchanging additional data, potentially increas-
ing telemetry length and introducing slight latency in range measurements. Moreover, the
positioning accuracy of the OTV directly influences the relative navigation accuracy of the
lander. Investigating these aspects is therefore crucial for fully demonstrating the feasibility
of the proposed system. Therefore, demonstrating the feasibility of the relative navigation
using two drones is planned for future work.
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Abbreviations
The following abbreviations are used in this manuscript:

Acronyms

AOWR asynchronous one-way range

ARGON Advanced Rendezvous demonstration using GPS and Optical Navigation

ARV autonomous rendezvous

AVANTI Autonomous Vision Approach Navigation and Target Identification
C/N0 carrier-to-noise density ratio

DOP dilution of precision
ECEF Earth-centered, Earth-fixed

GNSS Global Navigation Satellite System

GS ground station

HDOP horizontal DOP

HP home position

LEO low Earth orbit

LIDAR light detection and ranging

LNA low noise amplifier

LOS line of sight

OCXO oven-controlled crystal oscillator

OD orbit determination

OTV orbital transfer vehicle

PDOP position DOP

PRISMA Prototype Research Instruments and Space Mission technology Advancement

PRN pseudorandom noise

RM radio marker

RMS root mean square

RVD rendezvous and docking

RW reaction wheel
SBC single board computer

SC spacecraft
SDR software-defined radio
SST satellite-to-satellite tracking
TM target marker
UWB ultra-wideband

VDOP vertical DOP

Symbols
c speed of light
C carrier phase
C′ generalized carrier phase
i index
N phase ambiguity
n number of measurement
P pseudo-range
P′ generalized pseudo-range
T carrier period
tg time system of GS
ts time system of SC
∆ρ position change along the LOS from the GS to SC during the signal propagation period
∆t clock offset
∆̂t extrapolated clock offset
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∆̇t clock drift rate
ρ geometric range
ρinitial initial carrier phase offset
Subscripts
0 transmission event
g ground station
f reception event
s spacecraft
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