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Abstract

The accurate measurement of inter-satellite distances is fundamental to the successful operation of distributed spacecraft missions,
facilitating diverse applications ranging from scientific exploration to navigation and communication. This study comprehensively
overviews applications requiring inter-satellite tracking by analyzing 44 multi-spacecraft missions. These missions are divided into seven
categories based on their use of inter-satellite distance measurements. Each category necessitates varying levels of accuracy, prompting
the utilization of distinct tracking methods. The analysis reveals that missions near Earth typically rely on Global Navigation Satellite
Systems measurements, achieving millimeter-level accuracy, while lunar missions opt for radio ranging for centimeter-level accuracy.
Inter-satellite Laser Ranging Interferometry emerges as the preferred method for missions demanding exceptionally high accuracy
(nanometer to picometer range), such as those dedicated to gravitational wave detection and gravimetry. Notably, the analysis identifies
a burgeoning trend towards the adoption of Inter-satellite Laser Transponder Ranging, capable of achieving sub-millimeter accuracy.
Furthermore, this work proposes a novel concept: integrating inter-satellite ranging with Laser Communication Terminal (LCTs), either
to substitute for existing tracking methods or to enhance measurement accuracy within established frameworks. However, its full poten-
tial rests upon the successful adaptation of existing LCTs for ranging functionality without compromising data rates. Future research
will play a critical role in quantifying achievable ranging performance by characterizing systematic errors within LCTs.
© 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction accurate measurement of the relative position of these

satellites (Zhang et al., 2022), which is crucial either for

In space missions, the involvement of multiple satellites
working together can be essential for addressing complex
scientific inquiries, studying the intricacies of Earth sys-
tems, and advancing technological frontiers. These collab-
orative missions yield diverse data sets from multiple
vantage points, enhancing spatial and temporal resolution.
One recurring requirement in many of these missions is the
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enhancing the mission’s scientific output or for maintaining
its formation.

Two primary methods are used to obtain relative posi-
tion measurements among satellites: indirect and direct
(Turan et al., 2022). The former utilize existing infrastruc-
ture like the Global Navigation Satellite Systems (GNSS)
and ground-based tracking stations to independently deter-
mine the absolute positions of each satellite, which are then
mathematically converted to relative positions. However,
this approach is constrained by limitations in accuracy
and availability due to factors like atmospheric
interference, signal attenuation over long distances, and
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dependence on ground stations. In contrast, direct methods
employ dedicated equipment like radio or laser transpon-
ders on the satellites for inter-satellite distance measure-
ments, commonly referred to as inter-satellite tracking.
This approach offers exceptional accuracy and near-real-
time data but increases the mission complexity and cost.

Radio tracking is the most widely used method due to its
mature technology and compatibility with existing on-
board radio communication systems. A dedicated ranging
code phase-modulated and multiplexed with the communi-
cation signal facilitates these tracking measurements. How-
ever, this approach necessitates the sharing of on-board
power between communication and ranging functions,
potentially compromising data rate and ranging accuracy
(Hamkins et al., 2015).

Laser communication, however, presents a compelling
alternative for future space missions. In contrast to radio
waves, lasers operate at shorter wavelengths and offer sig-
nificantly smaller divergence, facilitating higher data rates,
enhanced security, and more compact terminals. Conse-
quently, an increasing number of space missions are adopt-
ing laser communication technology (Toyoshima, 2021).

The Terabyte Infrared Delivery (TBIRD) program is a
noteworthy example, demonstrating a laser downlink at a
speed of 200 Gigabits per second (Gbps) from a Low-
Earth Orbit (LEO) satellite (Schieler et al., 2022). Histori-
cal in-orbit experiments, such as Semiconductor Inter-
satellite Link Experiment (SILEX) (Tolker-Nielsen and
Oppenhauser, 2002), Lunar Laser Communication
Demonstration (LLCD) (Boroson and Robinson, 2014;
Stevens et al., 2016), and Short-Range Optical Intersatellite
Link (SROIL) (Sodnik et al., 2010), have also utilized
lasers for data transfer at speeds ranging from a few Mega-
bits per second (Mbps) to a few Gbps. Furthermore, mega
satellite constellations such as Starlink (Brashears, 2024)
and Kuiper (Amazon, 2023) have demonstrated inter-
satellite laser links with speeds of 100 Gbps, and the
upcoming Telesat Lightspeed constellation (Yared and
Jansson, 2023) also intends to utilize 10 Gbps laser links
for inter-satellite communication.

The advantages of lasers extend beyond communication
to offer the potential for more accurate tracking measure-
ments compared to radio. While laser tracking using reflec-
tors is an established technique (Degnan, 1994), its
accuracy is limited by atmospheric and reflector response.
Therefore, achieving more precise measurements requires
a different technology, such as laser transponders. How-
ever, unlike radio transponder tracking, multiplexing using
lasers requires a more complex system design, necessitating
a separate ranging system on each satellite. This require-
ment increases the Size, Mass and Power (SMaP) con-
sumption and cost of the mission. Thus, if the need for a
separate signal for direct range measurements is eliminated,
it could mitigate inter-system interference and enhance mis-
sion efficiency. Therefore, extensive research is underway in
both radio (Andrews et al., 2010; Hamkins et al., 2015;
Hamkins et al., 2016a; Hamkins et al., 2016b; Vilnrotter
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and Hamkins, 2019; Turan et al.,, 2023) and optical
domains (Net and Hamkins, 2020; Net, 2023) to measure
the range using communication signals.

While the potential of combined communication and
ranging is promising, unlocking their full potential necessi-
tates identifying applications where such technology can be
crucial. This paper aims to fill this gap in scientific litera-
ture by performing a survey on various applications requir-
ing inter-satellite tracking. By providing an overview of
these applications, the paper seeks to assess the potential
impact of combined communication and ranging systems.
To the authors’ knowledge, only one previous survey by
Zhang et al. (2022) has focused on inter-satellite measure-
ments. Although the survey thoroughly examined relative
state measurement technologies for distributed spacecraft,
its focus was limited to identifying methods and associated
errors for 15 missions. The current study significantly
expands the scope not only by analyzing 44 missions (in-
cluding 33 not previously examined) but also by categoriz-
ing them into various application types. Furthermore, it
delves deeper by establishing essential links between speci-
fic applications, their corresponding tracking methods, and
performance requirements. This survey identifies the appli-
cations that necessitate inter-satellite tracking and high-
lights the prevalent trends observed within the missions.
In addition, this work sheds light on the broader potential
of combined communication and ranging systems, paving
the way for future advancements in the field.

To achieve this objective, past, present, and future mis-
sions utilizing inter-satellite tracking are investigated,
addressing the following key questions:

Which space applications require inter-satellite tracking?
What level of precision is needed for tracking in these
applications? Which tracking methods are currently
employed to meet these requirements?

Ultimately, the answers to these questions will lead to a
more significant inquiry:

In which applications can a combined communication and
ranging system be critical?

This paper first details different tracking techniques for
measuring inter-satellite distances in Section 2. Then, in
Section 3, the past, present, and future missions relying
on inter-satellite tracking measurements are analyzed,
focusing on the methods used for these measurements. This
survey helps identify primary application areas and preci-
sion requirements for such missions. Finally, Section 4 pro-
vides an analysis highlighting common trends and
identifying potential applications for a combined laser
communication and ranging system.

2. Tracking methods

Tracking methods can be classified into two categories
depending upon the type of measurement: range or
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range-rate. The former provides the spatial separation
between satellites at a specific time, and the latter provides
the change in range over a certain integration time. Integra-
tion time, the duration over which measurements are com-
bined, plays a crucial role in determining measurement
precision. Longer integration times can average out noise,
improving precision and signal-to-noise ratio, but may
miss rapid changes. The optimal integration time depends
on the desired accuracy, signal dynamics, and available
processing power. These tracking methods can also be cat-
egorized based on the technology used, i.c., radio or laser.
Fig. 1 presents the tracking methods and technologies used
in space missions.

The term ‘“‘range/range-rate measurements” does not
refer to distance/velocity measurements; rather, it encom-
passes time, phase, or frequency measurements, depending
on the specific tracking method employed.

2.1. Range measurements

This subsection dives into various ranging methods
employed in space missions. These methods differ based
on the type of the signal, the frequency, and the architec-
ture used. Therefore, the following discussion is divided
into four parts: ranging signals, ranging frequencies, rang-
ing architectures, and ranging methods.

2.1.1. Ranging signals

Ranging signals exchanged between satellites to deter-
mine distance can be broadly categorized into pulsed and
continuous wave systems based on their transmission
patterns.

1. Pulsed systems transmit short (ns), high-energy (mlJ)
pulses and measure the time elapsed between trans-
mission and reception of the signal (Degnan, 1985).
These systems are particularly effective in long-
range applications due to their ability to overcome
signal attenuation through high-power transmission.
The pulsed nature of the signal aids in distinguishing
it from background noise and interference by allow-
ing the receiver to isolate the signal based on its pre-
cise timing and high peak power, creating a strong
contrast against continuous or random noise. Addi-
tionally, the predictable repetition rate of the pulses
enables synchronization, further filtering out irrele-
vant signals. However, the range resolution of the
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pulsed systems is limited by the pulse width, necessi-
tating a trade-off between resolution and peak power.
Shorter pulses provide better resolution but require
higher peak power to maintain the same signal
strength. Furthermore, the pulse repetition rate is
limited by the round-trip travel time to avoid ambigu-
ity from overlapping pulses.

ii. Continuous Wave (CW) systems transmit a continu-
ous electromagnetic wave, with distance measure-
ments derived from analyzing the phase shift or
frequency change between the transmitted and
received signals (Montenbruck and Gill, 2000, 2013,
Chapter 6). These systems provide superior range res-
olution compared to pulsed systems, as they are not
limited by pulse width. However, for distances
exceeding the wavelength of the signal, CW systems
encounter integer phase ambiguity, which compli-
cates the determination of the absolute distance due
to the repeated phase cycles. While CW systems
enable precise relative distance measurements, they
require more complex signal processing to derive
absolute distance. Furthermore, CW systems are
more susceptible to continuous background noise,
and the continuous transmission results in lower peak
power, potentially limiting operational range.

The choice of the signal shape depends on the specific
application and mission requirements. Additionally, a con-
tinuous wave signal can be modulated to transmit a pulsed
signal. However, the quality of such measurements will not
be the same as achieved with a dedicated pulsed system and
will depend upon the modulation bandwidth available.

2.1.2. Ranging frequencies

Ranging is performed using electromagnetic waves at
different frequencies: laser and radio. Each has unique
characteristics, advantages, and limitations that make them
suitable for specific applications (Kaushal and Kaddoum,
2017).

1. Laser ranging systems operate within the terahertz
spectrum (150-600 THz), which offer higher band-
width compared to Radio Frequency (RF) systems,
thereby enabling fine-resolution measurements. The
short wavelength (um-range) inherent to laser tech-
nology allows for precise measurements. Addition-
ally, the inherent directionality of laser beams

Inter-satellite tracking methods

1

! 1
Range measurements Range-rate measurements
1 1
{ 1 I 1

Inter-satellite Laser
Transponder Ranging (ILTR)

Inter-satellite Laser
Retroreflector Ranging (ILRR)

Inter-satellite Radio
Transponder Ranging (IRTR)

Inter-satellite Laser
Ranging Interferometry (ILRI)

Inter-satellite Radio
Doppler Tracking (IRDT)

Fig. 1. Inter-satellite tracking methods and technology.
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effectively minimizes background noise contamina-
tion. While the narrow beam profile enhances secu-
rity, it also poses stringent pointing requirements,
especially when tracking dynamically moving targets.
Furthermore, laser signals are highly susceptible to
atmospheric scattering, which can significantly
degrade performance and compromise tracking accu-
racy, particularly during adverse weather conditions.
Operating in the 0.3-40 GHz frequency range, RF
signals are resilient to atmospheric phenomena,
ensuring continuous acquisition of tracking data.
Additionally, the broader dispersion of radio waves
simplifies pointing requirements compared to laser
systems, although this characteristic makes them
more susceptible to interception. Nevertheless, the
RF technology possesses a well-established founda-
tion in inter-satellite tracking with readily available
equipment. However, RF systems require signifi-
cantly more SMaP compared to laser counterparts,
which is a drawback for satellite on-board systems.

ii.

2.1.3. Ranging architectures

Ranging architecture refers to how the ranging signals
are exchanged between the satellites. Fig. 2 depicts four
prevalent architectures used for range measurements, and
Eq. (1) shows how to compute range (R) using the Time
of Flight (TOF) method for each architecture.

c(B—th=c (-t +7), OWR
R={c- (@ -th+ @B -D2=c-[(6 —t) + (& —)]/2, STWR/ATWR
c- (5 —1)/2, TWRR.

(1)
The following notations will be used in this section: 4 and
B represent the two satellites, 7', and R, are the transmitter
and receiver, ¢ represents the time measured by the satellite
i clock, ¢} and ¢, are the transmission and reception times,

A B —A . t4 tf =t 41
tf ‘\
. t‘lB
A | 4B
t2 ‘/ g I t2B
A B
| |, . /
ty i 4
A B A B
T, RT Tz: Rz szRz

(a) One-Way Ranging (OWR) (b) Synchronous Two-Way

Ranging (STWR)
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respectively, and 7 is the clock offset between 4 and B. The
time at which R is measured can be either # or ¢4 and
depends on the realization of the system.

i. One-Way Ranging (OWR): In Fig. 2a, a signal is
transmitted from satellite 4 and received on satellite
B. Since measurements are done on different satellites
and depend on precise time-of-flight, the on-board
clocks must be precisely synchronized. This is the
main reason why OWR is less preferred.

Two-Way Ranging (TWR): The synchronization chal-
lenge is overcome by introducing a return signal that
cancels out the clock offsets. Depending on how the
return signal is transmitted, TWR has four
variations:

a. Synchronous Two-Way Ranging (STWR): When
the second satellite is also equipped with a
transponder, as shown in Fig. 2b, which receives,
amplifies, and retransmits the signals, the
technique is called STWR. As both satellites take
time measurements, the clock offset is canceled in
the final range computation (please refer to Eq.
(1)). Tt should be noted that instead of time-
tagging the signals on B, the quantity
At = (% —15), also called transponder delay, is
recorded on B and transmitted to 4 using the com-
munication link. Since B always waits for a signal
from A, At is always a positive value.
Asynchronous Two-Way Ranging (ATWR): If both
satellites transmit signals simultaneously, as in
Fig. 2c, this is defined ATWR: more range mea-
surements can be taken in the same duration, as
compared to STWR. The time tags are exchanged
between satellites using an alternative communica-
tion link and the two-way range is computed by
pairing the range measurements from the two

ii.

tB—tA s tP =t 41

2 >< 2
t FtD

T.'L‘7 RIE

A

Tza Rz TE, RI

(c) Asynchronous Two-Way
Ranging (ATWR)

(d) Two-Way Retro-reflector
Ranging (TWRR)

Fig. 2. Schematic of various ranging architectures. A and B represent the two satellites. T, is the transmitter, and R, is the receiver. # and #® represent the
time measured by clocks of A and B, respectively. The subscripts 1 and 2 stand for transmission and reception time, respectively. 7 is the offset between the

two clocks.
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satellites. However, it requires signal pairing tech-
niques to resolve the ambiguity created by simul-
taneous transmissions, i.e., pairing the correct
transmitted signal from B to the transmitted signal
from A (Dirkx, 2015, Chapter 3).

Two-Way Retro-reflector Ranging (TWRR): If the
second satellite acts as a passive node, as shown in
Fig. 2d, the configuration is defined TWRR: both
the transmitter and receiver are placed on a single
satellite, and the transmitted signal reflects off the
other satellite using retro-reflectors, eliminating
the need for two clocks. However, in this configu-
ration, the same signal experiences Free-Space
Loss (FSL) twice, leading to low Signal-to-Noise
Ratio (SNR) at the receiver. The one-way FSL is
directly proportional to the square of the distance
(~ d*), and upon reflection, it becomes propor-
tional to the fourth power of the distance (~ d*).
Consequently, as the distance between the trans-
mitter and the receiver increases, the SNR at the
receiver rapidly decreases, making this approach
typically impractical for longer distances. Satellite
Laser Ranging (SLR) (Degnan, 1994) uses pulsed-
TOF TWRR for ground-based tracking of satel-
lites, but it is limited to lunar distances.

Dual One-Way Ranging (DOWR): In the radio
domain, range measurements done using two-
way transponder-based architectures are also
referred to as DOWR. Instead of time-based mea-
surements, DOWR typically relies on dual one-
way phase measurements to determine the inter-
satellite range. Each transmitted signal carries ref-
erence phase information, and the receiver detects
the phase shift relative to its reference phase. The
measured phase shifts and the arrival time-tags are
exchanged between satellites using a communica-
tion link. The dual one-way range, R(¢), is then
computed using Eq. (2) (Kim, 2000).

. (/)A(tg) —+ @B(tg)

k= fat/s

(2)

where 4 and B represent the two satellites, ¢;(¢)
represents the differential phase measurement at
satellite / at reception time ¢, ¢ is the velocity of light
and f; is the frequency of the transmitted signal from
satellite 7.

The discussed ranging architectures are adaptable to
various inter-satellite ranging methods. However, two-
way measurements are typically preferred over one-way
measurements since they are not affected by the absolute
clock differences between the different satellites. Neverthe-
less, for all two-way architectures except TWRR, the
exchange of time tags over a communication link is neces-
sary to facilitate range measurements.
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2.1.4. Ranging methods

In principle, range measurements can be taken using any
combination of signal shape, frequency, and architecture.
However, in practical applications, three methods are com-
monly employed for inter-satellite ranging (refer to Fig. 1).
Each method discussed in this sectionpossesses unique
characteristics that determine its suitability for specific mis-
sion requirements.

1. Inter-satellite Radio Transponder Ranging (IRTR):
This method primary utilizes DOWR measurements
with radio transponders on both satellites. The wider
beamwidth of radio signals facilitates link establish-
ment without stringent pointing accuracy. However,
a significant drawback is the susceptibility of radio
signals to ionospheric delay, necessitating dual-
frequency measurements for accurate correction
(Kim, 2000). Additionally, radio transponders are
larger in size compared to their laser counterparts,
potentially posing challenges for missions with lim-
ited SMaP availability.

Inter-satellite Laser Retro-reflector Ranging (ILRR):
ILRR employs TWRR, which does not require
time-tag exchange as the second satellite functions
passively. While this method reduces system complex-
ity and SMaP requirements, the ranging signal expe-
riences significantly higher attenuation compared to
other methods, limiting ILRR’s applicability to mis-
sions involving large inter-satellite distances.
Inter-satellite Laser Transponder Ranging (ILTR):
ILTR can employ any of the OWR, STWR or
ATWR architectures based on mission requirements
along with a separate link to exchange time-tags
between the satellites. This method provides a better
alternative for ranging measurements than the previ-
ous ones, leveraging the high-precision laser technol-
ogy while mitigating signal loss compared to ILRR.
However, the narrower divergence of the laser beam
necessitates precise pointing for establishing the link.
Traditionally, ILTR systems use encoded laser sig-
nals for range measurements, as exemplified by cm-
order measurements by Lunar Laser Communication
Demonstration (LLCD) (Boroson and Robinson,
2014). However, recent advancements have demon-
strated the potential of phase-based measurements
for obtaining range information with even higher pre-
cision (Giorgi et al., 2019).

ii.

iil.

The maturity of radio technology has established IRTR
as the prevalent method for direct inter-satellite ranging.
However, the emergence of LCTs capable of ILTR pre-
sents a promising avenue for achieving high-precision mea-
surements. A recent study by Grenfell (2024) has
demonstrated the potential for millimeter-order range pre-
cision using LCTs. Nevertheless, laser-based technologies
are still in the development phase, necessitating further
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research to quantify potential errors and establish achiev-
able performance metrics.

2.2. Range-rate measurements

This subsection covers tracking methods for determin-
ing range-rate, i.e., change in range over a certain integra-
tion time. Two techniques used to extract range-rate
information are Inter-satellite Radio Doppler Tracking
(IRDT) and Inter-satellite Laser Ranging Interferometry
(ILRI).

2.2.1. Doppler tracking
The IRDT technique utilizes the Doppler effect, where
the frequency of a signal changes due to relative motion
between the transmitter and receiver. When a signal is
transmitted from one satellite to another, the received sig-
nal exhibits a Doppler shift. This shift, measured as the dif-
ference between the received frequency and the reference
frequency, serves as the basis for computing the integrated
range-rate, as given in Eq. (3):
~e M
fr’
where p is the integrated range-rate, Af is the Doppler shift
and f'; is the frequency of the transmitted signal. While Eq.
(3) provides a first-order approximation, a complete
derivation can be found in Turyshev et al. (2013) and
Bocanegra-Bahamon et al. (2018). Notably, the accuracy
of these range-rate measurements crucially depends on
the accuracy of the reference frequency. As oscillator sta-
bility is susceptible to factors like temperature and aging,
even minor errors in the reference frequency can propagate
to significant range-rate uncertainties.

b (3)

2.2.2. Interferometric tracking

ILRI uses the properties of an interferometer to deter-
mine the precise relative displacement of satellites using
lasers. A laser beam is reflected off the mirrors placed on
the satellites, and the interference pattern formed by the
reflected beams is measured. When external forces, such
as a gravitational pull from a celestial body, act upon either
of the satellites, it changes the distance between them. This
change affects the arm length of the interferometer, causing
either a delay or advancement in the reflected signal, lead-
ing to a shift in the interference pattern. Therefore, ILRI
monitors the change in interference by measuring the sig-
nal’s phase shift with respect to a reference. The variation
in the arm length of the interferometer or the separation
between the satellites (AL) can be computed using Eq. (4)
(Kim et al., 2020),

AL = J.- Ao, 4)

where 4 is the wavelength of the transmitted signal and A¢
is the phase shift measured in cycles.
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2.3. Indirect measurements

The methods discussed in Section 2.1,2.2 provide the
range/range-rate by taking direct measurements between
two satellites. Alternatively, distance can also be computed
indirectly without the exchange of ranging signals. This
method relies on the absolute position vectors of both
satellites, which can be obtained from various sources such
as GNSS-measurements, or ground-based tracking sys-
tems. In this survey, only the former is included as it does
not depend on ground systems to provide real-time posi-
tion information. However, it is important to note that
satellites in the GNSS network still rely on ground systems
for orbit maintenance and clock synchronization
(Teunissen and Montenbruck, 2017).

2.4. Measurement errors

All inter-satellite tracking measurements are susceptible
to deviations from the true range, resulting in measurement
errors. These deviations can be categorized into two types:
systematic errors and random noise. Systematic errors
introduce consistent biases in the measurements, either
constant or time-varying. The former can be corrected
through calibration (on the ground or in orbit) or post-
processing techniques, while the latter requires modeling
techniques. Common systematic errors include instrumen-
tal delays, pointing errors due to satellite attitude or vibra-
tions, center-of-mass offsets, attitude control, and
knowledge errors. In one-way range architectures, the
time-variability of the clock biases induces a time-
variable range bias, which degrades the quality of the mea-
surements (Dirkx et al., 2015).

Random noise, arising from various sources such as
time-tagging electronics and signal detection, introduces
uncertainty in measurements. While these sources cannot
be entirely eliminated, they can be statistically modeled
to assess their impact on overall measurement uncertainty.
However, limitations in the noise quantification models
compared to real-world dynamics can introduce additional
uncertainties. The important challenges in accurately char-
acterizing random noise include the time-correlation of
random noise levels and the accurate determination of
the noise probability distribution function.

The specific error sources can vary depending on the
inter-satellite tracking method employed. Common error
sources in IRTR include multipath errors (where the signal
reaches the receiver via multiple paths), attitude control
and knowledge errors, thermal variations within the instru-
ments, oscillator noise, time-tag errors, and delays intro-
duced by the transponders used in the ranging process
(Bertone et al., 2018; Kim and Lee, 2009). On the other
hand, preliminary research by Grenfell (2024) suggests that
clocks, event timers, and detectors are the main sources of
errors in ILTR. However, it is a relatively new method, and
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further research is required to gain a detailed understand-
ing of the specific error characteristics of ILTR systems.
No missions have yet implemented ILRR, so dedicated
studies on its error sources are not currently available.
However, based on its similarities to SLR with the excep-
tion of atmospheric errors, the main sources of measure-
ment errors are expected to be detector uncertainty, finite
laser pulse length, hardware imperfections (including elec-
tronic noise and wear-and-tear degradation), and system
instabilities like clock and event timer fluctuations (Dirkx
et al., 2019).

The performance of tracking measurements is com-
monly assessed through two key terms: accuracy and preci-
sion. In this paper, accuracy is defined as the systematic
errors, while precision refers to the random noise present
in measurements. It is essential to differentiate between
these two concepts as they are frequently used interchange-
ably in the literature, making it challenging to create a con-
sistent framework across multiple missions and tracking
techniques. Since the true distance between two satellites
is not known, a quantification of accuracy is an estimate
of the real value. The precision of a dataset can be quanti-
fied from its random spread around a mean trend. There-
fore, precision will be used as the metric for the
comparative analysis in this survey. Additionally, unless
explicitly stated otherwise, the ambiguous information pro-
vided in the literature is considered to represent precision.

3. Applications

This section comprehensively examines past, present,
and proposed future missions that employ inter-satellite
tracking. Based on the usage of inter-satellite measure-
ments, these missions are divided into seven categories:
gravimetry, gravitational wave detection, satellite-based
navigation, Earth observation, constellation control, space
exploration, and technology demonstration. A total of 44
missions across these categories are discussed in Sections
3.1-3.7, with a particular focus on the employed tracking
methods and their corresponding accuracy requirements.
Furthermore, the analysis of these missions is consolidated
in Section 4 to identify applications where LCTs could pro-
vide equivalent or enhanced performance compared to
existing inter-satellite tracking methods.

3.1. Satellite gravimetry

The non-uniform distribution of mass within celestial
bodies leads to variations in their gravitational fields. These
variations, further influenced by dynamic mass redistribu-
tions such as melting ice caps, affect the motion of orbiting
objects. Satellite gravimetry is a technique used to measure
subtle changes in a satellite’s orbit and reconstruct the under-
lying gravitational field responsible for these deviations.

Single-satellite missions, such as Challenging Minisatel-
lite Payload (CHAMP) (Reigber et al., 1999) and Gravity
Field and Steady-State Ocean Circulation Explorer
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(GOCE) (Floberghagen et al., 2011), utilized precise posi-
tioning data obtained from GNSS receivers and ground
tracking to determine the satellite’s trajectory. On-board
accelerometers account for non-gravitational accelerations,
such as atmospheric drag. By removing these effects and
comparing the observed trajectory to the predicted orbit,
the variations caused by the body’s gravitational field can
be inferred. While single satellites provide data on the static
gravity field, measuring the change in distance between
multiple satellites over time allows the mapping of tempo-
ral variations in the gravity field, revealing mass move-
ments like water flow or atmospheric changes. Moreover,
an inter-satellite link contains significant information
about the medium to short wavelength components of
the gravitational field (Flechtner et al., 2021). In addition,
different harmonics of the gravitational field can be deter-
mined by varying the inter-satellite distance, altitude, and
configuration of satellite formations. This section discusses
satellite missions that employ inter-satellite tracking for
gravimetry of Earth and other celestial bodies.

3.1.1. GRACE

The Gravity Recovery And Climate Experiment
(GRACE) satellites measured the static gravitational field
of Earth and its temporal variations from 2002-2017.
The primary goal of the mission was to illustrate the distri-
bution of mass within Earth and its changes over time,
making it an essential tool for studying Earth’s ocean, geol-
ogy, and climate.

The mission consisted of an along-track formation of
two satellites with a separation of about 220 km in the
same low-Earth orbit. One of the significant components
of the satellites was the High-Accuracy Inter-Satellite
Ranging System (HAIRS). It contained the dual frequency
MicroWave ranging Instrument (MWI), more commonly
known as the K-Band Ranging (KBR) system, which per-
formed dual one-way carrier phase measurements using
microwaves in the K (24 GHz) and Ka (32 GHz) frequency
bands (Flechtner et al., 2021), which are converted to
DOWR as given in Eq. (2). The KBR can provide
micrometer-order ranging accuracy and up to 0.4 um rang-
ing precision when averaged over 5 s intervals (Kim and
Lee, 2009; Tapley, 2008).

Time tags required for DOWR measurements are pro-
vided by the on-board GPS receiver and then post-
processed on the ground to achieve an accuracy of better
than 100 ps (Kim and Lee, 2009).

3.1.2. GRACE-FO

Following the conclusion of the GRACE mission in
2017 due to battery aging, the successor mission GRACE
Follow-On (GRACE-FO) was launched in 2018 to con-
tinue its legacy. In addition to the proven KBR system
for precise inter-satellite ranging, the follow-on mission
carries a Laser Ranging Interferometer (LRI) as a technol-
ogy demonstrator (Heinzel et al., 2017). The LRI employs
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standard 1064 nm lasers with 25 mW output power on one
satellite and a phase-locked amplifying transponder on the
second. The smaller wavelength of LRI (10~* times that of
KBR) allows inter-satellite ranging with nanometer-order
precision averaged over 2 s integration times, which is
two orders of magnitude better than KBR (Darbeheshti
et al., 2017). Although the ranging accuracy of GRACE-
FO remains at the micrometer-order, the enhanced preci-
sion of LRI will allow the measurement of subtle mass
changes and an improved spatial resolution for the geopo-
tential model (Sheard et al., 2012).

3.1.3. MAGIC

The Mass-change And Geosciences International Con-
stellation (MAGIC) mission, scheduled for launch in
2028, is a collaborative venture between National Aero-
nautics and Space Administration (NASA) and European
Space Agency (ESA). It builds upon the research con-
ducted by NASA ’s Mass Change Designated Observable
(MCDO) (Wiese et al., 2022) and ESA ’s Next Generation
Gravity Mission (NGGM) missions (Haagmans et al.,
2020), serving as a successor to the GRACE and
GRACE-FO missions. The primary constraint of the
GRACE missions is their 30-day integration time in gener-
ating gravity maps, which restricts the ability to forecast
extreme events such as earthquakes, droughts, and floods.
Therefore, the key objective of MAGIC is measuring fluc-
tuations in the gravitational field of Earth at temporal and
spatial resolutions better than 1 week and 25 km?, respec-
tively. MAGIC will consist of two pairs of satellites in a
Bender constellation: one pair at 89° and another at 69°
of inclination (Bender et al., 2008). Each satellite pair will
form an Along-track Orbit (ATO) configuration with a
separation of 100 km. The two different inclinations allow
the observation of the entire signal, including high-
frequency components, which could not be done with
GRACE-FO. It will reduce the need for extensive post-
processing and enable near real-time gravity analysis with
an integration time of 5-7 days. MAGIC will carry similar
instruments to GRACE-FO, the KBR, and the LRI, and
the accuracy of inter-satellite distance change required to
meet mission objectives will need to be as little as few
nanometers with a sampling rate less than 1 s (ESA
Earth and Mission Science Division, 2020).

3.1.4. GRAIL

Inspired by the success of the GRACE mission, the
Gravity Recovery and Interior Laboratory (GRAIL) mis-
sion was launched in 2011 to recover the Moon’s gravity
field precisely. The mission involved deploying two identi-
cal satellites in a low-altitude, near-circular, polar orbit
separated by a distance of 175-225 km. Each satellite was
equipped with the Lunar Gravity Ranging System (LGRS)
instrument, specifically designed for DOWR (refer to Item
ii.) to measure the inter-satellite range-rate (Hoffman,
2009). Compared to the KBR used in GRACE, LGRS
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had two key distinctions. Firstly, the GRAIL satellites
operated outside the Earth’s atmosphere, eliminating the
need to compensate for ionospheric noise; therefore, the
K-band link was removed. Secondly, lacking access to
GNSS time-tagging, the GRAIL satellites incorporated
an S-band Time Transfer System (TTS) operating at
2 GHz. The absolute timing accuracy after post-
processing was found to be 1 ps (Oudrhiri et al., 2014).
The range-rate measured by LGRS had an accuracy near
0.03 pm/s at an integration time of 5 s (Konopliv et al.,
2013) and a precision of micrometer-order (Klipstein
et al., 2013).

3.1.5. Hera

Hera will be launched in October 2024 to study the
impact of Double Asteroid Redirection Test (DART)
(Rivkin and Cheng, 2023) on Dimorphos - the orbiting
Moonlet in the binary asteroid system known as Didymos.
Hera, along with its two CubeSats Juventas and Milani,
will characterize the mass and mass distribution of Didy-
mos and Dimporphos using radio science. The variation
in Hera’s trajectory will be used to reconstruct the gravity
field of the asteroid system. Hera will perform two-way
Doppler measurements from an Earth-based communica-
tion link in the X-band. In addition, it will also have direct
Inter-Satellite Links (ISLs) with both daughter CubeSats.
The mothercraft will transmit signals operating at S-band
frequencies (~2.2 GHz) and collect the CubeSats’ telemetry
data and measurements, while the CubeSats will act as a
transponder (Gramigna et al., 2022). The measured Dop-
pler shift of the ISL contains information about the sys-
tem’s gravity as the CubeSats fly at lower altitudes than
the main spacecraft. The accuracy of range and range-
rate measured using the ISL for navigation purposes is
expected to be better than 50 cm and 0.05 mm/s at 60 s
integration time, respectively, with the major limiting fac-
tors being the frequency stability of the ISL and thermal
noise (Gramigna et al., 2024).

3.1.6. SAGM

The Space Advanced Gravity Measurements (SAGM) is
a Chinese mission currently under study. It aims to mea-
sure the Earth’s gravitational field using Low-Low
Satellite-to-Satellite Tracking (LL-SST), like GRACE. A
transponder-type laser ranging interferometer system with
heterodyne optical phase-locking will be used, like the
one for LISA-Pathfinder. An inter-satellite distance of
100-200 km is expected to be measured with nm-order pre-
cision (Zhang et al., 2018).

3.1.7. MOBILE

The Mass Variation Observing System by High Low
Inter-satellite Links (MOBILE) mission was submitted as
a response to the ESA Earth Explorer 10 call. Although
the study was considered to be of high scientific merit,
the proposal was not selected (Pail et al., 2019).
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Nevertheless, the objective of MOBILE was to measure the
Earth’s temporal gravity and mass variations by observing
the distance between Medium-Earth Orbit (MEO) (altitude
10000 km) and LEO satellites (altitude 350-400 km). It was
proposed that the LEO satellites will carry a highly-
accurate (um-level) ILRI instrument and perform ranging
to the MEO satellites, which act as passive nodes. There-
fore, MEO satellites can also be a part of another mission
as long as they are equipped with retroreflectors. The
advantage of using such high-low links is that the radial
component of gravity-induced orbit perturbations can be
observed, unlike the low-low links of GRACE missions.
It could improve the gravity field performance by a factor
of five compared to GRACE-FO, especially in the long
wavelengths where the largest amplitudes of time-variable
gravity field signals occur (Pail et al., 2019).

3.1.8. MAGIA

Missione Altimetrica Gravimetrica geochlmica lunAre
(MAGIA) is a mission concept which was submitted to
Italian Space Agency (ASI) Small Satellites call in 2007.
The idea was to measure the gravity of the Moon by using
a formation of two co-orbiting small satellites in a lunar
orbit at 70 km altitude with a separation of 40-70 km
(Perrotta et al., 2010). The mission proposed using S-
band signals at 3 GHz to perform Doppler measurements
between the two spacecraft. This would have resulted in a
range-rate accuracy of 0.1 mm/s at 10 s integration time,
leading to a range accuracy of 1 mm (Fermi et al., 2010;
Garattini et al., 2012).

3.1.9. MARS-SST

The Mars Satellite-to-Satellite Tracking (Mars-SST)
mission is proposed to accurately map the static and tem-
poral gravity field of Mars using a pair of satellites with
a distance of 40-60 km. The inter-satellite range-rate will

be measured using the same laser interferometer as
GRACE-FO, and the orbital position of both satellites will

Table 1
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be determined using the Deep Space Network (DSN). The
range-rate accuracy required to improve the Martian grav-
itational field model is 100 nm/s (Zheng and Li, 2018).

3.1.10. Summary

This section explored the application of inter-satellite
tracking in mapping celestial gravitational fields. This tech-
nique leverages the precise measurement of minute changes
in the distance between co-orbiting satellites to reconstruct
the underlying gravitational field of the celestial body they
orbit. Missions like GRACE and its successor have suc-
cessfully employed this approach to create detailed maps
of Earth’s gravity field, providing valuable insights into
mass redistributions and their impact on various geophys-
ical phenomena. The next generation mission, MAGIC,
aims to further enhance the resolution and processing
speed of these maps by utilizing constellations of four or
more satellites. While the MOBILE mission ultimately
did not progress beyond the conceptual stage, it introduced
the innovative concept of high-low satellite tracking. This
approach can measure the radial component of the time-
varying gravitational field, a capability not achievable with
traditional low-low satellite formations.

The past missions depended majorly upon radio ranging
or radio Doppler tracking measurements. However, after
the technology demonstration of GRACE-FO, laser-
based tracking is being considered for future missions. In
the context of low-low links of GRACE-FO, LRI measure-
ments improved the gravity field measurements by one
order of magnitude as compared to KBR, especially at
higher harmonics where radio signals are dominated by
noise (Ghobadi-Far et al., 2020).

The application of inter-satellite tracking extends
beyond Earth’s orbit. Future missions leveraging this tech-
nique are planned to map the gravitational fields of celes-
tial bodies like Didymos and Mars, offering new avenues
for understanding their internal structure and mass distri-
bution (Table 1).

An overview of the tracking instruments utilized and precision required for satellite gravimetry missions.

Mission Year Orbit/ Inter-satellite Inter-satellite measurements Measurement error Integration
Configuration distance time
GRACE 2002-2017 LEO: 2, ATO 220 km IRTR K/Ka-band Range: pm-level Ss
GRACE-FO 2018 LEO: 2, ATO 220 km IRTR K/Ka-band, Range: pm-level, 58,28
ILRI 1064 nm Range-rate: nm/s-level
SAGM under study LEO: 2 100-200 km ILRI 1064 nm Range: nm-level -
MAGIC 2028 LEO: 4, Bender 100 km IRTR K/Ka-band Range-rate: nm/s-level ls
MOBILE cancelled LEO/ MEO - ILRI 1064 nm Range: pm-level -
GRAIL 2011-2012 Moon: 2, ATO 175-225 km IRTR Ka-band Range-rate: 0.03 pm/s Ss
MAGIA unknown Moon: 2, ATO 40-70 km IRDT S-band Range-rate: 0.1 mm/s 10s
Hera 2024 Didymos: 3 15 km IRDT S-band Range-rate: 0.05 mm/s 60 s
MARS-SST proposed Mars: 2, ATO 40-60 km ILRI 1064 nm Range-rate: 0.1 pm/s Ss
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3.2. Gravitational wave detection

Gravitational waves, tiny ripples in spacetime caused by
accelerating masses or cosmic collisions, travel away from
the source at the speed of light, causing a minute distortion
in the geometry of spacetime that affects everything along
their path. One of the ways to detect these waves is by mea-
suring the minute changes in optical path length of laser
interferometers (Seto et al., 2001). While ground-based
observatories like Laser Interferometer Gravitational-
wave Observatory (LIGO) have achieved groundbreaking
success in capturing gravitational waves, they cannot go
below 10 Hz due to limitations from seismic and gravita-
tional gradient noise (Ming et al., 2020). Since seismic
waves are not present in space, upcoming missions are cre-
ating space-based interferometers to detect low-frequency
gravitational waves.

A key aspect of space-based detection involves precisely
measuring the change in the signal’s phase with respect to
the transmitted laser beam. This phase shift arises because
a gravitational wave will change the distance between the
satellites. Therefore, the accuracy of wave detection is
highly dependent upon the precise measurement of this
phase shift. Two future space interferometers are discussed
in this section.

3.2.1. LISA

The Laser Interferometer Space Antenna (LISA) mis-
sion, scheduled to launch in 2037, will act as an observa-
tory in space to detect and measure gravitational waves
in the 0.1-100 mHz range (Amaro-Seoane et al., 2017).
LISA will comprise three spacecraft arranged in a triangle
formation separated by 2.5 million km in a heliocentric
orbit about 50 million km from Earth. Each spacecraft will
have two optical assemblies (laser, telescope, test mass)
pointing toward the other two. They form a Michelson-
type interferometer, with the only difference being that
the lasers operate in a transponder mode instead of direct
reflection. The test masses are maintained in free-fall inside
the spacecraft so that they only experience gravitational
forces. A passing gravitational wave will lead to a move-
ment in the test masses and consequently shrink or expand
the arm length of the interferometer. These distance varia-
tions occur at a timescale of 1000 s and will be measured
with picometer-level accuracy by heterodyne interferome-
try using lasers operating at 1064 nm and delivering 2 W
output power (Amaro-Seoane et al., 2017; Yao et al.,
2021). The mission also requires an accuracy of better than
1 m in one-way measurements of absolute arm length, mea-
sured using inter-satellite laser dual one-way ranging (Yao
et al., 2021; Esteban et al., 2011).
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Originally, LISA was a joint venture between v and
ESA. However, when the former pulled out in 2011, the
mission was modified and renamed to evolved-Laser Inter-
ferometer Space Antenna (eLISA).

3.2.2. DECIGO

The DECi-Hertz Interferometer Gravitational wave
Observatory (DECIGO) is a Japanese project that aims
to study gravitational waves in the frequency gap between
LISA and terrestrial detectors, 0.1-10 Hz (Musha, 2017).
Just like LISA, DECIGO also uses a three-spacecraft con-
figuration in an equilateral triangle in heliocentric orbit.
However, each arm length is 1000 km and is measured
using a Fabry-Perot interferometer. The lasers used in
the interferometer operate at a wavelength of 515 nm with
an output power of 10 W (Musha, 2017). DECIGO is
planned for launch in the mid-2030s, and the final constel-
lation will consist of four clusters with three satellites each.
The mission requirements do not yet provide a specific
value for range accuracy. However, ground tests performed
with a few kilometers of fiber spool and 1550 nm laser gave
a ranging resolution of 6.25 m (Musha et al., 2021).

Another mission called B-DECIGO will be launched in
the early 2030s to test the technology for DECIGO. The
precursor will have only one cluster of satellites with an
arm length of 100 km and lasers yielding 1 W output power
(Musha, 2017).

3.2.3. Summary

This section explored two future space-based gravita-
tional wave observatories. Gravitational waves cause min-
ute changes in the distance between satellites, requiring
highly precise interferometers capable of detecting
picometer-scale variations. The missions, with their differ-
ent arm lengths, will target distinct frequency ranges for
gravitational waves. As shown in Table 2, higher arm
lengths allow the detection of lower frequency (longer
wavelength) components. The science return is limited by
photon shot noise at higher frequencies, as fewer photons
can be collected, leading to a lower signal-to-noise ratio.
At lower frequencies, the acceleration noise of the test
masses, caused by tiny vibrations in their motion, becomes
the dominant limitation. Since DECIGO has a shorter arm
length and detects higher frequency waves, it uses a high-
power laser and Fabry—Perot cavity to overcome shot noise
limitation (Musha, 2017). In addition, by comparing the
signals from multiple clusters, DECIGO can effectively fil-
ter out noise and enhance the true gravitational wave
signal.

For completeness, Table 2 also includes two Chinese
missions, Taiji (Luo et al., 2021) and TianQin (Mei et al.,
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Table 2
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An overview of space missions utilizing inter-satellite tracking for gravitational wave detection. The last two missions are explained in Zhang et al. (2022)

and are included here for completeness.

Mission Year Orbit/ Arm length Interferometer Detection Inter-satellite Measurement error
Configuration specifications frequency measurements

DECIGO mid-2030s Heliocentric: 12 (4 1000 km Fabry—Perot, 0.1-10 Hz ILRI 515 nm -
clusters of 515 nm, 10 W
equilateral triangles)

B-DECIGO  early-2030s  Heliocentric: 3 100 km Fabry—Perot, 0.1-10 Hz ILRI 515 nm -
(equilateral triangle) 515 nm, 1 W

LISA 2037 Heliocentric: 3 2.5 x 10° km Michelson-type, 0.1-100 mHz ILRI +ILTR  Change in distance: pm
(equilateral triangle) 1064 nm, 2 W 1064 nm (1000 s time scale),

Range: 1 m

Taiji 2030s Heliocentric: 3 3 x 10° km Michelson-type, 0.1 mHz-1 Hz ILRI 1064 nm  Change in distance: pm
(equilateral triangle) 1064 nm, 3 W

TianQin 2035 Geocentric: 3 1.7 x 10° km Michelson-type, 0.1 mHz-1 Hz ILRI 1064 nm  Change in distance: pm
(equilateral triangle) 1064 nm, 4 W

2021), which share similar objectives in the 0.1 mHz-1 Hz
frequency range. These missions are discussed in Zhang
et al. (2022).

3.3. Satellite-based navigation

Navigation satellites fly in a constellation to provide
Position, Navigation and Timing (PNT) services on the
ground and in space. The accuracy of the user position pro-
vided by such constellations depends on the accuracies of
their orbits and satellite clocks (Henkel, 2020). The former
is done by precise ground tracking or ranging measure-
ments on-board the satellite (ISL) or both. Besides, the sig-
nal timing information is used to synchronize the satellite
clocks with stable ground-based clocks. The use of ISLs
can improve the Precise Orbit Determination (POD) of
such satellites, leading to high-precision positioning
(Davis and Gunter, 2022; Li et al., 2019). Moreover, an
ISL can be used for data and time transfer among the satel-
lites in the constellation. This section describes the cur-
rently operational GNSS and Regional Navigation
Satellite System (RNSS) satellites, upcoming CubeSat con-
stellations, and the future lunar navigation service.

3.3.1. GNSS

Global Navigation Satellite Systems (GNSS) denote the
worldwide satellite constellations that provide global PNT
services. As of now, there are four such systems: American
Global Positioning System (GPS), Russian Globalnaya
Navigatsionnaya Sputnikovaya Sistema (GLONASS),
European Galileo, and the Chinese BeiDou Satellite Navi-
gation System (BDS). All these satellites are spread in
MEO, Geostationary Orbit (GEO), and Inclined Geosyn-
chronous Orbits (IGSOs).

The inter-satellite distance of these constellations is
determined by ground-based tracking using radio-based
ranging and SLR. However, the next-generation GNSS
satellites will have crosslinks to perform on-board inter-
satellite ranging. The BDS-3 satellites have Ka-band dual
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one-way pseudo-code ranging systems with centimeter-
order precision (Huyan et al., 2020; Xie et al., 2020). The
inclusion of these ISL measurements to the POD process
reduced the position error by 8 cm and 70 cm for IGSO
and GEO satellites, respectively, as compared to POD done
only with L-band ground tracking (Lv et al., 2020).

The next generation GLONASS-M/K satellites carry
both radio and optical payloads for ISL. The latter is called
the Inter-Satellite Laser Navigation and Communication
System (ISLNCS) and can measure the distance between
two satellites with a precision of 3 cm (Teunissen and
Montenbruck, 2017).

The future Galileo Second Generation (G2G) satellites
are proposed to be equipped with Optical Two-Way Links
(OTWLs) not only with the ground station but also Laser
Inter-Satellite Link (LISL). Simulation-based analysis
shows that the LISL in combination with OTWL can
improve the POD when fewer ground stations are available
(Marz et al., 2021). This difference is because OTWL highly
depends on the ground station availability and weather
conditions, as laser links are sensitive to atmospheric dis-
turbances and a link cannot be established while the sky
is covered in clouds.

Another navigation system called Kepler was proposed
by the German Aerospace Center. It proposes using laser
transceivers for high-speed communication and sub-mm
order ranging (Giorgi et al., 2019). The Kepler infrastruc-
ture proposes a streamlined approach with minimal ground
stations, relying on continuous links with LEO satellites,
fixed coordinates, and independent determination of Earth
Rotation Parameters for reliable navigation.

Besides the global coverage provided by GNSS, the
RNSS constellations improve the dilution-of-precision
(DOP) over their respective regions, which is influenced
by the satellites’ distribution with respect to the user. If
the satellites are equally distributed, the DOP will be low,
and the position will be precise. There are two regional sys-
tems, the Indian Navigation with Indian Constellation
(NAVIC) and the Japanese Quasi-Zenith Satellite System
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(QZSS). The former provides position accuracy of at least
20 m over the Indian region, and the latter, QZSS, operates
at the same frequency as GPS but provides short interval
(15 min) orbit and clock updates resulting in m-order accu-
racy. Although the ISLs are not yet employed for RNSS
constellations, they are under consideration for the future
QZSS satellites.

3.3.2. LEO-PNT

Low Earth Orbit-Positioning, Navigation and Timing
(LEO-PNT) is an upcoming European mega-constellation
at an altitude of less than 2000 km (Singh et al., 2022). This
constellation aims to provide PNT services in regions where
GNSS signals are weak or unreliable, like near dense foliage
or urban canyons. Due to its proximity to Earth compared
to GNSS, the signals received from LEO-PNT will have
much higher power. Secondly, it will provide continuous
coverage (even on the poles) as the velocities of LEO satel-
lites are much larger than that of MEO satellites. Moreover,
the use of CubeSats will also reduce the system complexity.
Therefore, LEO-PNT will complement the GNSS constella-
tion to improve the positioning services on the ground. The
satellites will perform two-way inter-satellite ranging in the
Ka and L-band. Analysis shows that a LEO constellation of
60 satellites with an inter-satellite ranging accuracy of 10 cm
and 40 cm can result in a 3D POD accuracy of 2.2 cm and
35 cm, respectively (Li et al., 2019).

3.3.3. LCNS

Lunar Communication and Navigation Service (LCNS)
is a constellation of four satellites that will be launched in
an Elliptical Lunar Fixed Orbit (ELFO) in 2025 as part of

Table 3
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ESA ’s Moonlight initiative (Melman et al., 2022). It will
serve as a navigation and communication gateway in lunar
orbit on the road to Mars. All satellites will carry deep-
space transponders with ISLs operating at X-band for
communication. The same links will also be used for asyn-
chronous ranging and high-precision time transfer. In addi-
tion, the satellites will be tracked by SLR stations using
retroreflectors.

3.3.4. Summary

Satellite constellations providing PNT services for the
Earth and the Moon region, given in Table 3, were dis-
cussed in this section. The former constellations depended
only on ground-based methods for satellite tracking. How-
ever, this prevents real-time orbit and clock updates, limit-
ing the PNT accuracy achieved by the user. Therefore, ISLs
are also used in the latest navigation satellites for commu-
nication, ranging, and time synchronization. The introduc-
tion of ISLs can reduce the dissemination latency at the
user end from 100 minutes to 5 minutes and increase the
POD accuracy from 65 cm to 10 cm (D’Angelo et al.,
2012). The overall PNT performance is influenced by the
number of satellites in the constellation, the precision of
inter-satellite ranging, and the geometric distribution of
satellites. A denser constellation with higher ranging preci-
sion leads to improved PNT accuracy for users. Addition-
ally, users in closer proximity to the constellation typically
experience better PNT performance compared to those far-
ther away. Therefore, to further improve the ranging preci-
sion, lasers are being considered for future ISL links
(Giorgi et al., 2019).

An overview of the present and future navigation constellations with inter-satellite measurements (Teunissen and Montenbruck, 2017; Zhu et al., 2022).

CC stands for Control Center, and MS stands for Monitoring Stations.

Mission Year Orbit/ Configuration Ground Stations Inter-satellite Measurement Integration
measurements error time
GNSS GPS 1978 MEO: 24 on 6 orbital CC: 1 (US), GPS-II/IITA: IRTR 0.3 m -
planes UHF-band,
MS: 16 (Global) GPS-IIIB: IRTR V-band proposed -
GLONASS 1982 MEO: Walker 24/3/1 CC: 1 (Russia), GLONASS-M/K: IRTR 0.4 m 5 min
S-band,
MS: 18 (Russia) GLONASS-K2: ILTR 0.03 m -
BeiDou 2000 MEO: Walker 27/3/1, CC: 1 (China), BDS-3: IRTR Ka-band <0.1 m 1.5s
Galileo 2011 MEO: Walker 24/3/1 CC: 2 (EU), MS: >20 G2G: ILTR 0.0l m 100 s
(Global)
proposed LEO: Walker 6/2/1 CC: 1 Kepler: ILTR sub-mm -
RNSS QZSS 2010 GEO: 1, IGSO: 3 CC: 1 (Japan), MS: 16 - - -
(Japan)
NavIC 2018 GEO: 3, IGSO: 4 CC: 1 (India), MS: 16 - — —
(India)
Others LCNS 2025 ELFO: 4 - IRTR X-band + time - -
transfer
LEO-PNT  proposed LEO: ~12 - IRTR Ka/L-band few dm -
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3.4. Earth observation

Earth Observation (EO) satellites are orbiting around
the Earth for monitoring and collecting data continuously.
They capture high-resolution images, measure environmen-
tal parameters, and track changes on the Earth’s surface,
atmosphere, and oceans. The data obtained is crucial for
environmental monitoring, climate studies, disaster man-
agement, agriculture, etc. (Zhao et al., 2022). To enhance
temporal resolution and capture the dynamic nature of
Earth’s processes, multiple satellites are often employed
in coordinated formations. The space missions with multi-
ple satellites whose data resolution depends upon the accu-
racy of active inter-satellite distance measurements are
discussed in this section.

3.4.1. Tandem-X/ TerraSAR-X

Synthetic Aperture Radar (SAR) works by transmitting
microwave pulses toward the Earth’s surface and recording
the signals reflected back. The radar antenna is mounted on
the satellite, and as the platform moves, a synthetic aper-
ture is created by combining the radar returns over a series
of positions. This synthetic aperture allows SAR to achieve
high spatial resolution. SAR can be used in interferometric
mode (Interferometric Synthetic Aperture Radar (InSAR))
to measure ground deformations with high precision. By
comparing phase differences between two or more SAR
images acquired at different times or from different angles,
InSAR can detect surface movements. Many satellite for-
mations are working on this principle to study small
changes in the terrain, such as monitoring movement in
ice and tectonic shifts.

Launched in 2010, TanDEM-X: TerraSAR-X Add-oN
for Digital Elevation Measurement (TDX) is a German
radar satellite that flies in a close formation with its twin
TerraSAR-X (TSX) (Zink et al., 2006). Both satellites carry
SAR sensors operating in the X-band (3 cm wavelength) to
generate digital elevation models of Earth with 2 m vertical
accuracy. The distance between the satellites, also called
the baseline, varies from 120 m to several km and must
be determined with a 1 mm 1D accuracy (Jiggi et al.,
2012). The Tracking, Occultation and Ranging (TOR) pay-
load on each satellite is responsible for these measure-
ments. It consists of a dual-frequency Integrated GPS
and Occultation Receiver (IGOR) to perform differential
carrier phase measurements. Post-processing of the mission
data shows a baseline performance close to the mission
requirements, but independent SAR calibration data is

Table 4

An overview of missions using inter-satellite tracking for Earth Observation.
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required to achieve the 1 mm target (Jaggi et al., 2012).
The Spanish satellite called PAZ also joined the formation
in 2018.

Tandem-L is a follow-up mission proposal based on the
same concept, except that it performs SAR in the L-band
(23.6 cm wavelength). The purpose of the mission is to
measure forest biomass and its temporal variation using a
pair of satellites at an altitude of 745 km separated by 1-
18 km (Moreira et al., 2015).

3.4.2. CHESS

The Constellation of High Energy Swiss Satellites
(CHESS) program consists of two missions, CHESS-
Pathfinder and CHESS-Live (Fausch et al., 2022). The for-
mer will be launched in 2026 and will provide near real-
time data of Earth’s upper atmosphere using two
nanosatellites. One satellite will be in a circular Sun-
Synchronous Orbit (SSO) at 550 km to study the impact
of the Sun on the exosphere. Another will be in an elliptical
orbit at 400 km x 1000 km to establish altitude profiles and
study temporal effects. Each satellite carries a mass spec-
trometer for chemical composition analysis and GNSS
receivers for POD and drag computation. Currently, there
is no ISL between the satellites. However, to estimate drag
every 30 minutes, cm to dm-level position knowledge is
required. The findings from CHESS-Pathfinder will be
used to determine the parameters of the follow-up mission,
CHESS-Live, consisting of more than eight satellites.

3.4.3. Summary

This section covers two distinct Earth Observation mis-
sions, as given in Table 4. The Tandem-X/L mission gener-
ates Earth’s digital elevation models through the use of
InSAR, while the CHESS mission is a future constellation
to analyze the composition of the upper atmosphere. Due
to operations near Earth, both missions employ
dual-frequency GNSS receivers and retroreflectors for
POD. GNSS can provide mm-level position accuracy for
LEO satellites. For missions with more stringent require-
ments or those requiring data/time transfer, alternative
tracking methods, such as those used in the GRACE mis-
sions (Section 3.1), can be employed.

3.5. Constellation control

A satellite constellation is a group of satellites working
collectively toward a common objective: they operate inde-

Mission Year Orbit/ Configuration Inter-satellite Inter-satellite Measurement Integration time
distance measurements error

Tandem-X/ TerraSAR-X 2010-2026 LEO: 2, Helical Tandem 120 m— fewkm GNSS L-band 1 mm 10 s

Tandem-L 2024-2036 LEO: 2, Helical Tandem 1-18 km GNSS L-band 1 mm —

CHESS-Pathfinder 2026 SSO: 1, Elliptical: 1 100-1500 km GNSS L-band cm-level -

CHESS-Live - SSO, Elliptical: >8 - GNSS L-band cm-level -
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pendently, taking measurements from multiple angles and
perspectives. This enables the study of spatial and temporal
changes in physical events. Because of their independence,
these satellites do not require precise knowledge of their
neighboring satellites. However, maintaining and control-
ling the constellation does require precise knowledge of
each satellite’s position. Therefore, having accurate infor-
mation about inter-satellite distances can significantly
improve the POD of such constellations. This section will
discuss three missions, namely Swarm, CYGNSS, and Q4
within this context. It is crucial to note that the classifica-
tion is based on the utilization of inter-satellite measure-
ments and not on the missions’ application.

3.5.1. Swarm

The Swarm satellite constellation was launched in 2014
to create a highly detailed survey of Earth’s geomagnetic
field and its temporal evolution. Initially, it consisted of
three satellites, of which two (Swarm-A/C) are in the same
polar orbit, and one is in a higher polar orbit (Swarm-B)
(Friis-Christensen et al., 2006). The distance between the
Swarm-A and Swarm-C satellites varies from 30-180 km,
and between Swarm-A/C and Swarm-B from 50-3500 km
(Mao et al., 2019).

The Swarm satellites function independently of one
another and do not have any ISL because the mission
objectives do not directly depend upon precise inter-
satellite distance measurements. Nevertheless, precise posi-
tion knowledge, obtained using the on-board GPS recei-
vers, is still needed to achieve scientific objectives and
avoid collisions. In addition, the Laser Retro-Reflectors
(LRRs) present on-board the satellites are used to validate
the orbits using SLR data. Validation studies have demon-
strated a model-limited accuracy of 1-2 cm in the reduced-
dynamic precise science orbits (van den Ijssel et al., 2015;
Montenbruck et al., 2018).

3.5.2. CYGNSS

The Cyclone Global Navigation Satellite Systems
(CYGNSS) was launched in 2016 to study the formation
and evolution of tropical cyclones (Ruf et al., 2012). It is
a constellation of eight micro-satellites in LEO, orbiting
in pairs with a separation of 12 minutes between them.
Each satellite carries the Delay Dapper Mapping Instru-
ment (DDMI), which receives the GPS signals reflected
off the ocean, providing information on the surface-
level wind speed. The collected data is directly down-
linked to the ground stations, and no ISL is needed.
However, the constellation needs to be controlled to
account for variations in trajectory caused by orbital per-
turbations. Therefore, GPS receivers are installed on
each satellite to keep track of its position with meter-
order accuracy, and the orbit is maintained using differ-
ential drag.
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In addition, data collected by the CYGNSS mission has
also been exploited to perform ocean altimetry; however,
the meter-order orbit accuracy was found to be a limiting
factor in achieving altimetry accuracy (Li et al., 2020).
Although post-processing techniques can lower these to
centimeter-level (Conrad et al., 2023), ISLs can be more
useful as they eliminate the need for extensive post-
processing.

353 04

Q4 is a mission concept proposed by NASA for the tech-
nology demonstration of the novel Inter-Satellite Optical
Communicator (ISOC). The mission will consist of a
swarm of four 6U-CubeSats in the LEO, each equipped
with it and, using an array of 1 W 850 nm laser-diode tele-
scope and photodetectors, the terminal will be able to pro-
vide 1 Gbps data rate (using NRZ OOK modulation) at
distances up to 200 km (Velazco and Vega, 2020). In addi-
tion, ISOC consists of an Angle-of-Arrival (AoA) system,
which will continuously measure the azimuth and elevation
of the transmitting satellite using pulses. The inter-satellite
distance can be computed by post-processing these pulses
for TOF measurements (Velazco et al., 2020). Besides Q4,
ISOC is also under consideration as a payload for two
large swarm missions, CubeSat Array for the Detection
of RF Emissions from Exoplanets (CADRE) (De Kok
et al, 2020) and INterplanctary SPace InteRnEt
(INSPIRE) (Velazco, 2023b).

Another version of the ISOC is developed concurrently
to serve the communication and navigation needs for
future cislunar missions. This terminal, called Omindirec-
tional Optical Terminal (OOT), will consist of six tele-
scopes operating at the wavelength of 1550 nm. It is
equipped with six fast photodetectors for high data rates
and twenty external PIN photodetectors for AoA measure-
ments (Velazco, 2023a). The OOT will be able to provide
10-100 Gbps over distances spanning from a few kilome-
ters to a few thousand kilometers. The OOT transmits a
single laser beam composed of two types of pulses: very
short-width pulses for communication and wider pulses
for AoA, allowing an accuracy of millidegrees for AoA
measurements.

3.5.4. Summary

In the missions described above, GNSS receivers are the
dominant technology to obtain absolute satellite positions
with meter-level accuracy. This accuracy level is refined
to centimeter-level when coupled with SLR data. However,
new concepts of omnidirectional laser terminals are being
studied to enable accurate AoA and TOF measurements
for inter-satellite distance computation. Table 5 outlines
the key specifications for the missions under consideration.
It is noteworthy that the constellations with shorter inter-
satellite distances necessitate more precise position knowl-
edge as compared to those with longer distances.
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Table 5
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An overview of space missions using inter-satellite tracking for constellation control.

Mission Year Orbit/ Configuration Inter-satellite distance Inter-satellite measurements Measurement error
Swarm 2014 LEO Polar: 3 30-3500 km GNSS L-band 1-2 cm

CYGNSS 2016 LEO: 8 (4 pairs) 5400 km GNSS L-band m-level

Q4 concept LEO: 4 200 km ILTR 850 nm (Ao0A) -

Future CisLunar concept Moon 1-1000 km ILTR 1550 nm (AoA) AoA: millidegree

3.6. Space exploration

Space exploration expands our understanding of the
universe. Inter-satellite tracking can be invaluable for satel-
lites, particularly when GNSS signals become increasingly
faint at greater distances from Earth. This section will delve
into the applications of inter-satellite tracking, spanning
heliophysics, astrophysics, and planetary exploration.
Seven missions are discussed, namely, MMS, HelioSwarm,
ETP, HERMES-TP/SP, CAMELOT, Trilogy, and low-
frequency interferometry.

3.6.1. MMS

The Magnetospheric Multiscale Mission (MMS) has
been studying the Earth’s magnetosphere since 2015 using
a tetrahedral formation of four spacecraft. It explored the
magnetic interaction on the Sun-facing side of the Earth in
the first phase and night side at a later stage. The relative
spacing varied between 10 and 160 km in the former and
30 to 400 km in the latter phase (Burch et al., 2016). All
spacecraft carry the inter-satellite ranging system devel-
oped by NASA Goddard Space Flight Center (GSFC). It
consists of a GPS receiver, Navigator, which is capable of
detecting weak signals, and the flight software Goddard
Enhanced Onboard Navigation System (GEONS) for on-
board orbit determination (Winternitz et al., 2017a;
Winternitz et al., 2017b). In-orbit data has demonstrated
that the inter-satellite ranging system can achieve range
measurements with the required accuracy of 1% of the sep-
aration distance, translating to maximum accuracy
between 100 m and 4 km (Farahmand et al., 2017).
Although MMS currently only relies on the data from
the GPS receiver, a 0.25 W S-band crosslink transceiver
was proposed in the initial mission design phase to perform
communication and one-way ranging. However, during the
TRL-6 mission study phase, it was found that critical
science objectives could be fulfilled without the crosslink.
Hence, the science was descoped, and the transceiver was
removed from the inter-satellite ranging system (Long
et al.,, 2015; Bamford et al., 2009). The MMS mission
demonstrated that if GPS receivers can detect transmis-
sions from L-band sidelobes, they can be used for naviga-
tion as far as in the lunar orbit (Winternitz et al., 2017b).

3.6.2. HelioSwarm

HelioSwarm is planned for launch in 2028 to observe the
solar wind and understand the plasma turbulence processes
(Plice et al., 2019). Unlike previous missions, like MMS,
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which probe only a single scale at a time, HelioSwarm will
provide multi-scale measurements simultaneously. Using a
swarm of nine satellites in a lunar orbit, it will take mea-
surements along 36 baselines of varying lengths (50—
3000 km). Of these nine spacecraft, one large spacecraft
will act as the hub, and eight smaller ones will act as nodes.
The hub will have S-band links with all nodes and the
DSN. The crosslinks with each node will be used to per-
form two-way inter-satellite ranging, and measurements
will be taken every 5 s for 30 minutes daily for one node
at a time. Ranging will not be conducted when data trans-
fer with the nodes or DSN is in progress (Policastri and
Woodburn, 2019). The inter-satellite separation should be
known with an accuracy of 10% of the distance to resolve
the propagation directions of solar waves, i.e., 5-300 km
(Klein et al., 2023).

3.6.3. Gamma-ray burst detection

A Gamma-Ray Burst (GRB) is a highly energetic and
intense burst of gamma rays that can release a large
amount of energy in a very short period. The detection
of such events is of high interest for advancing our under-
standing of the universe’s history, extreme astrophysical
phenomena, and fundamental physics. The INTErnational
Gamma-Ray Astrophysics Laboratory (INTEGRAL)
(Savchenko et al., 2017) and Fermi (Goldstein et al.,
2017) missions have been spotting these bursts for more
than two decades. However, the appearance of GRBs for
a fraction of a second makes it challenging to locate their
origins using a single spacecraft. Therefore, the latest stud-
ies on GRB detection are analyzing the use of CubeSat
constellations, not only to cover the entire sky but also to
measure the difference in detection time on different Cube-
Sats as this will aid in triangulating the origin of a GRB.
Hence, the main requirement of such missions is accurate
positioning and absolute and relative timing of the satel-
lites in the constellations.

Many astrophysics missions can be found in literature
(Bloser et al., 2023): the High Energy Rapid Modular
Ensemble of Satellites - Technologic and Scientific Pathfin-
der (HERMES-TP/SP) and Cubesats Applied for MEasur-
ing and LOcalising Transients (CAMELOT) are future
CubeSat constellations being developed for GRB detection
and planned for launch in 2024. HERMES-TP/SP requires
absolute timing accuracy in the order of hundreds of ns
(Fiore et al., 2020; Sanna et al., 2020; Evangelista et al.,
2020), whereas, for the CAMELOT mission, the require-
ment is hundreds of ps (Werner et al., 2018). GPS receivers
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will be used on both missions to synchronize on-board
clocks and time-tag transient events. The CAMELOT
satellites will also have ISLs for communication.

3.6.4. Low frequency interferometry

Since the ionosphere absorbs low-frequency electromag-
netic waves (~10-15 MHz), radio observations at these
wavelengths can only be done from space. Radio interfer-
ometry is a technique that allows the use of multiple smal-
ler antennas instead of a larger one, enabling high-
resolution sky imaging in the lower frequency range and
helping to understand the evolution of solar transients like
Coronal Mass Ejections (CMEs). Many missions have
been proposed in the past to launch a space-based radio
interferometer using 12-16 CubeSats, like Astronomical
Low Frequency Array (ALFA) (Jones et al., 2000), Solar
Imaging Radio Array (SIRA) (MacDowall et al., 2005),
and, Solar Observing Low-frequency Array for Radio
Astronomy/ Separated Antennas Reconfigurable Array
(SOLARA/SARA) (Knapp et al., 2013); however, they
could not fly due to high cost and complexity. Neverthe-
less, if such a mission would be considered in the future,
real-time baseline measurements should have an accuracy
of at least 0.14 (2-3 m) to allow a good correlation of the
signals received at different spacecraft (Oberoi and
Pingon, 2005).

In addition, a mission concept called Orbiting Low Fre-
quency Array for Radio Astronomy (OLFAR) is currently
under study: it aims to detect the signals in the frequency
range 0.1-30 MHz using a swarm of 10-50 nanosatellites
with a baseline of 100 km in the lunar orbit (Dekens
et al., 2013). All satellites will have ISL at both high and
low frequencies, the former for communication and the lat-
ter for timing synchronization and ranging (Karunanithi
et al., 2019).

3.6.5. Trilogy

Trilogy is a conceptual mission that aims to measure the
change in the solar system scale (distance between planets),
perform tests of relativity, and improve ephemerides
(Smith et al., 2018). It is believed that the conversion of
hydrogen to helium within the Sun’s interior leads to a
slight decrease in its mass and, consequently, a change in
the orbits of planets. Hence, Trilogy will use the formation
of three spacecraft in orbits around Mars, Venus, and
Earth and study the change in inter-satellite distances over
several years. The trajectory of the planet’s center of mass
will be derived from the resulting range and range-rate
observations. The distance between each pair of planets
varies in the order of a few meters over 1500 days (Smith
et al., 2018). Inter-satellite ranging with an accuracy of a
few centimeters is required over interplanetary distances
(10" km). Therefore, a transponder-based asynchronous
laser ranging system is being considered for this mission.
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3.6.6. ETP

Europa Tomography Probe (ETP) was proposed as a
piggyback mission on the Europa Clipper (Notaro et al.,
2020) to be inserted in a polar orbit around Europa. ETP
aimed to characterize the interior structure of the Jovian
Moon by measuring the time-varying magnetic field at dif-
ferent frequencies. ETP was also proposed to perform a
two-way coherent X-band ISL with the mothercraft for
communication and Doppler measurements. The latter
would help to determine the static gravity field of Europa
with high resolution, improving the accuracy of the
Moon’s rotational state. Moreover, the Doppler observ-
ables would also improve the radial positioning of the
mother spacecraft relative to Europa at a level of a few
meters (Di Benedetto et al., 2019). The accuracy of Dop-
pler measurements achieved in the simulations was
0.1 mm/s at an integration time of 60 s, comparable to
the Ka-band tracking from the ground (Notaro et al.,
2020).

3.6.7. Summary

This section outlined a diverse range of space explo-
ration applications. As previously discussed, LEO missions
predominantly utilize GNSS receivers to achieve precise
positioning and timing data. In contrast, satellites operat-
ing in lunar orbits or even farther into deep space employ
alternative methodologies, such as radio/laser transponder
ranging or Doppler measurements, to compute accurate
position information. These missions show the adaptability
and innovation needed for space exploration. The missions
discussed in this section, along with X-ray Evolving Uni-
verse Spectroscopy (XEUS) (Bavdaz et al., 2002; Marcos
et al., 2004; ESA, 2004) and InfraRed Astronomy Satellite
Swarm Interferometry (IRASSI) (Linz et al., 2020; Buinhas
et al., 2018), explained by Zhang et al. (2022), are summa-
rized in Table 6.

3.7. Technology demonstration

This category pertains to space missions specifically
engineered to demonstrate novel technologies. Therefore,
their data products do not depend on inter-satellite dis-
tance measurements but rather showcase the capabilities
of the utilized technologies. Two such missions, CLICK
and CPOD, are discussed.

3.7.1. CLICK

The CubeSat Laser Infrared CrosslinK (CLICK) mis-
sion is a technology demonstration for laser crosslinks
for satellite swarms. It consists of three 3U CubeSats in
LEO. CLICK-A was launched in 2022 and demonstrated
a downlink to an optical ground station at 10 Mbps.
CLICK-B and CLICK-C are planned for launch in 2024
and will carry a laser transceiver operating at 1550 nm to
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Table 6
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An overview of satellite constellations requiring inter-satellite tracking for space exploration. The last two missions are explained in Zhang et al. (2022) and

are included here for completeness.

Mission Year Orbit/ Configuration Inter-satellite distance Inter-satellite Measurement
measurements error
MMS 2015 HEO: 4 (tetrahedral) 10-160 km 30-400 km GNSS L-band 1.5 km
HERMES-TP/SP 2023 LEO: 6 (equatorial) few 1000 km GNSS L-band Timing: 181 ns
HelioSwarm 2028 Moon: 9 (1 hub + 8 nodes) 50-3000 km IRTR S-band 5-300 km
CAMELOT - LEO: 9 (on 3 orbital planes) few 1000 km GNSS L-band Timing: <100 us
Low-frequency interferometry concept Earth/Moon - - 2-3m
Trilogy under study Mars, Venus, Earth: 3 ~10 Mkm ILTR 1550 nm cm-level
ETP cancelled Europa: 2 <0.1 Mkm (short-range), IRDT X-band mm-level
0.1-1 Mkm (long range)
IRASSI proposed Sun-Earth L2: 5 7-850 m ILRI 1 um
XEUS cancelled Sun-Earth L2: 2 0.12-30 km ILRR 0.1 mm
50-120 m ILRI 3.5 pm

perform two-way ISL at 20 Mbps between 25 and 580 km.
In addition, the satellites will also measure the travel time
of laser pulses using a Chip-Scale Atomic Clock (CSAC)
to perform precision ranging with accuracy better than
50 cm (Tomio et al., 2022; Serra et al.,, 2021; Cahoy
et al., 2018).

3.7.2. CPOD

The CubeSat Proximity Operations Demonstration
(CPOD) mission was launched in May 2022 to demonstrate
the Rendezvous, Proximity Operations and Docking
(RPOD) of two 3U CubeSats in LEO. However, the mis-
sion ended in June 2023 due to the depletion of spacecraft
propellant due to multiple rendezvous attempts. The satel-
lites navigated relative to each other and then performed
proximity operations to reach a specific relative range,
and then docking would have taken place. An ISL utilizing
a 2.4 GHz transceiver was used to provide data and range
information up to several kilometers range (Bowen et al.,
2015). Although the CPOD mission could not be com-
pleted, the robustness and viability of the RPOD algorithm
and strategy were confirmed.

3.7.3. Summary

This section gives an overview of the missions designed
to demonstrate new technologies for formation control.
Table 7 gives the specifications of the reviewed missions,
CLICK and CPOD. Additionally, the missions discussed

Table 7

by Zhang et al. (2022) falling into this category, such as
Gemini (Gill et al., 2001), PRecursore IperSpettrale della
Missione Applicativa (PRISMA) (Persson et al., 2006;
Persson et al., 2005; Gill et al., 2007), Canadian Advanced
Nanospace eXperiment 4 & 5 (CanX-4/5) (Eyer et al.,
2007), and Proba-3 (Llorente et al., 2013; Wishart et al.,
2007), are also included in the table.

4. Discussion

This section provides a detailed discussion of the inves-
tigated missions that employ inter-satellite tracking. Ini-
tially, the discussion delves into the mission categories,
the tracking methods utilized, and the precision require-
ments for different applications. Subsequently, this analysis
serves as the basis for identifying potential applications for
tracking using LCTs.

4.1. Missions requirement analysis

The 44 missions studied were systematically classified
into seven distinct application areas based on their utiliza-
tion of tracking measurements. The survey unveiled the use
of six distinct methods for inter-satellite tracking: GNSS,
Inter-satellite Radio Transponder Ranging, Inter-satellite
Laser Transponder Ranging, Inter-satellite Laser Retro-
reflector Ranging, Inter-satellite Laser Ranging Interfer-
ometry, and Inter-satellite Radio Doppler Tracking (refer

Space missions designed for technology demonstration of inter-satellite tracking methods. The last four missions are explained in Zhang et al. (2022) and

are included here for completeness.

Mission Year Orbit/ Configuration Inter-satellite distance Inter-satellite measurements Measurement error
CLICK 2022 LEO: 3 25-580 km ILTR 1550 nm 50 cm
CPOD 2022-2023 LEO: 2 0.5 m-25 km IRTR UHF-band -
Gemini 2001 LEO: 2 1-250 km GNSS cm-m
<1 km ILRI 10 um
PRISMA 2010 LEO: 2 250 m-10 km IRTR S-band, GNSS 1-10 cm
CanX-4/CanX-5 2014 LEO: 2 50-1000 m IRTR S-band, GNSS 10 cm
Proba-3 2023 HEO: 2 25-250 m IRTR (SDR-based) 25 cm
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to Section 2 for detailed descriptions). Additionally, many
missions employed a combination of these methods to
achieve their desired inter-satellite tracking requirements.
Figure 3 depicts the distribution of missions and their
corresponding number of satellites across the seven appli-
cation areas that require inter-satellite tracking. While mis-
sions within the same category share common objectives,
the number of satellites deployed can significantly differ
based on mission-specific requirements and goals. For
instance, missions designed to provide global positioning
and navigation services typically necessitate a large number
of satellites. Meanwhile, Earth observation and satellite
gravimetry missions commonly use pairs of satellites in
close formations to capture minor and local variations near
Earth and other celestial bodies. However, emerging con-
cepts such as MAGIC (Section 3.1.3) and CHESS-Live
(Section 3.4.2) propose the use of satellite constellations,
enabling simultaneous measurements from multiple per-
spectives, potentially reducing post-processing times. The
analysis reveals that gravimetry, navigation, and space
exploration are the primary applications requiring inter-
satellite tracking measurements in past and upcoming mis-
sions. Furthermore, satellite gravimetry and gravitational
wave detection missions measure minute variations in satel-
lites’ orbits and hence rely significantly on inter-satellite
tracking to achieve their objectives. For most missions
across other categories, while an ISL enhances the scientific
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or commercial return, they can still operate effectively with-
out it. Technology demonstration missions were excluded
from further analysis as their primary focus is testing and
validating new space technologies.

Figure 4 explores the relationship between the mission
orbital regimes and the employed tracking methods. It
showcases the versatility of inter-satellite tracking measure-
ments, applicable from the low-earth orbit to deep-space.
Satellites in distant orbits, often used for scientific missions,
such as gravitational wave detection, gravimetry, and space
exploration, operate at vast inter-satellite distances on the
order of millions of kilometers. Given the significant vari-
ation in signal frequency over such distances, IRDT or
ILRI measurements are commonly employed. IRTR mea-
surements are employed for missions up to the Lunar orbit,
while ILTR is being considered even for deep-space appli-
cations. Conversely, GNSS is the most common method
employed for applications near the Earth orbit, particu-
larly for Earth Observation, as also evident from Fig. 5.

Figures 5 and 6 illustrate the precision demands for dif-
ferent applications and the achievable precision of various
tracking methods, respectively. Missions for gravitational
wave detection and satellite gravimetry require exception-
ally high range-rate precision (pm/s to p/s) and thereby rely
on ILRI measurements. In contrast, applications with less
stringent requirements (error more than cm-level) leverage
GNSS for orbit maintenance. However, some GNSS recei-
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vers (as on TerraSAR-X) can provide mm-level accuracy
for satellites near Earth, making it suitable for Earth
Observation missions. To provide better PNT services to
the users, future navigation constellations are proposing
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Fig. 6. A graph of range (blue) and range-rate (orange) measurement
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the use of ILTR in addition to existing IRTR for more
accurate inter-satellite tracking.

A notable trend is the prevalent use of IRTR for direct
range measurements, fulfilling up to sub-micrometer track-
ing needs. However, a significant limitation of this
approach is that the ranging signal is multiplexed with
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the communication one. It distributes the available on-
board power between ranging and communication func-
tions, leading to a substantial reduction in the range reso-
lution as well as the data rate. For example, the Mars
Reconnaissance Orbiter (MRO) is capable of a maximum
data rate of 0.48 Mbps during ranging operations, signifi-
cantly lower than the 5.2 Mbps achievable under normal
operational circumstances (Hamkins et al., 2015). Hence,
ongoing research is dedicated to eliminating the need for a
separate ranging signal and utilizing communication signals
for ranging purposes (Andrews et al., 2010; Hamkins
et al., 2015; Hamkins et al.,, 2016a; Hamkins et al.,
2016b; Vilnrotter and Hamkins, 2019; Turan et al., 2023).
Nevertheless, a noticeable shift is underway, with
upcoming missions showing an increasing preference for
transponder-based laser ranging methods (ILTR). This
shift aligns with the broader trend in space communication,
which is progressively transitioning from radio to optical
frequencies. Furthermore, the field of laser transponder
ranging is relatively new, with the current research actively
exploring data-aided laser ranging (Net and Hambkins,
2020; Net, 2023). The integrated communication and rang-
ing system being developed for the Kepler navigation con-
stellation is one such example offering sub-mm range
precision (Giorgi et al., 2019). However, it does not per-
form communication and ranging functions at the same
time. Additionally, the CLICK satellites (Section 3.7.1)
recently demonstrated inter-satellite ranging with 50 cm
accuracy using a 20 Mbps optical data link (Grenfell,
2024), however, communication and ranging were not done
at the same time. The shaded region in Fig. 5 shows the
potential tracking precision achievable with LCTs. This
transition to ILTR highlights the growing potential for
improved range measurements in future space missions.

4.2. Potential applications of laser communication terminals
for tracking

Based on the above analysis of precision requirements
for different applications and the capability of LCTs to
achieve sub-millimeter ranging precision, the potential
applications of LCTs for tracking are discussed here. The
question of how and whether LCTs can achieve this level
of precision remains open, but it is a prospect suggested
by the current literature.

The shaded region in Fig. 5 illustrates that the expected
tracking precision of LCTs in most applications is compa-
rable to or better than existing tracking methods, except for
ILRI. This indicates that future satellites equipped with
LCTs for communication could eliminate the need for sep-
arate, dedicated tracking instruments in a wide range of
applications, except gravitational wave detection and satel-
lite gravimetry of Earth and Moon. Since the gravity mod-
els of the Earth and Moon are well refined due to data
provided by GRACE and GRAIL missions, further
improvements will require measurements accurate than
sub-micrometer level beyond the capability of present
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LCTs, may be achievable in the future. Besides, these mis-
sions do not require large amounts of data transfer, making
them not suited for combined communication and ranging
systems. Therefore, dedicated ILRI systems remain the pre-
ferred choice for these specific applications. Additionally,
the feasibility of replacing range-rate measurements with
range measurements from LCTs will depend on the nature
of the signal being measured; if the quantity changes
rapidly, range-rate may be more effective than range.

For gravimetry beyond the Moon and deep-space explo-
ration, LCT tracking could provide a better alternative to
the currently employed IRDT measurements. In space
exploration missions near Earth, while GNSS can fulfill
the position requirements, direct range measurements using
ILTR or IRTR can enable additional scientific investiga-
tions. For example, in the case of the MMS mission (Sec-
tion 3.6.1), the inability to incorporate a transceiver for
communication and ranging resulted in the descoping of
original science objectives. Consequently, the mission was
limited to achieving objectives that could be accomplished
solely with GNSS capabilities. If LCT were employed, this
limitation would have been mitigated.

The integration of ILTR with existing methods could
enhance tracking precision in satellite-based navigation,
as proposed by future GLONASS and Kepler satellites.
Additionally, accurate relative positioning is also crucial
for satellite constellations to ensure collision avoidance
and facilitate scientific observations. For instance, the
CYGNSS mission (Section 3.5.2) performed ocean altime-
try but was limited by the meter-level orbit accuracy from
GNSS. However, the feasibility of LCT to replace GNSS
for altimetry will depend on the link geometry. In such
cases, ILTR or IRTR measurements can substantially
improve the orbit accuracy, enabling more precise scientific
observations and mission objectives. While mega-
constellations like Starlink, Kuiper, and Lightspeed also
require tracking for constellation control, their needs are
currently met by ground-based tracking methods. As such,
they fall outside the scope of this paper, which focuses on
missions using inter-satellite tracking. Nevertheless, recent
studies have demonstrated the capability of inter-satellite
tracking for these constellations, highlighting its potential
benefits for localization and collision avoidance (Spring-
Turner and Thilak Rajan, 2022; Chaudhry and
Yanikomeroglu, 2021). Moreover, since they already use
lasers for communication, they are also a potential applica-
tion for LCT-based tracking.

In summary, tracking using LCTs presents a promising
prospect for a wide range of space applications. The actual
capability of LCT to replace existing methods will depend
upon the link geometry and mission objectives. However, a
key challenge lies in developing a system that can perform
ranging using existing state-of-the-art LCTs without com-
promising their data rates. Further research on determin-
ing and modeling systematic errors within LCTs is
imperative to establish achievable performance levels. This
research will be instrumental in realizing the full potential
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of ILTR for future space missions, paving the way for
groundbreaking scientific discoveries and advancements
in space exploration.

5. Conclusions

This study explored the diverse applications of inter-
satellite tracking in space missions by analyzing 44 mis-
sions. This expanded the scope of the previous work by
Zhang et al. (2022) by not only including 33 additional mis-
sions but also by categorizing them into seven distinct
application areas based on their need for tracking measure-
ments. This categorization provides valuable insights into
the specific tracking needs of different applications. The
analysis focused on the employed tracking methods and
their corresponding precision in each application. The
key domains where inter-satellite measurements are para-
mount include satellite gravimetry, satellite-based naviga-
tion, and gravitational wave detection. These areas
exhibit varying precision requirements, with gravitational
wave detection missions demanding the highest and space
exploration missions requiring the lowest.

For missions operating near Earth, GNSS is a suitable
choice, providing sufficient accuracy. In contrast, for mis-
sions farther away, Inter-satellite Radio Transponder
Ranging (IRTR) has historically been favored, delivering
precision in the range of centimeters to meters. However,
an emerging trend is the increasing adoption of Inter-
satellite Laser Transponder Ranging (ILTR), offering
sub-millimeter precision. It can benefit applications requir-
ing inter-satellite tracking for satellite gravimetry beyond
the Moon, satellite-based navigation, constellation control,
and deep-space exploration.

The integration of ranging capabilities with Laser Com-
munication Terminals presents a promising prospect. How-
ever, adapting existing LCTs for ranging purposes while
maintaining data rates poses a significant challenge that
requires further investigation. In conclusion, this study pre-
sents a positive outlook on the future of inter-satellite laser
tracking and emphasizes the need for further research to
maximize its potential and address challenges.
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