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Relative distance measurements using inter-satellite optical
communication links

Rashika Jaina, Stefano Sperettaa, Dominic Dirka, and Eberhard Gilla

aDelft University of Technology, Kluyverweg 1, Delft, 2629 HS, The Netherlands

ABSTRACT

The need for higher data rates has transitioned the satellites towards laser communication, opening up new oppor-
tunities for inter-satellite distance measurements. The stringent requirements for space missions like gravimetry,
formation flying, collision avoidance, and precise orbit determination require highly precise distance knowledge,
which can be offered by lasers. The past and present missions depend on radio ranging and laser interferometers
to achieve up to centimeter-order and picometer-order precision, respectively. However, these methods either
require additional hardware or interfere with the communication data rates as the power available is shared
between communication and ranging operations. Therefore, this research explores the potential of laser commu-
nication terminals in measuring the inter-satellite distance. Numerical simulations are performed to analyze the
effect of the precision of inter-satellite distance measurements on atmospheric density estimation. The analysis
shows that such range measurements can only improve atmospheric density estimates if the uncertainty in the
drag coefficient can be reduced below the current range of 3-5%.

Keywords: inter-satellite distance, laser communication, data-aided ranging, inter-satellite ranging, formation
flying

1. INTRODUCTION

Small satellites work together in formations as they have distinct advantages over large spacecraft, such as the
ability to measure from multiple angles and perspectives. To maintain and control the formation, a precise
knowledge of the distance between the satellites is required.1 This distance can be measured using inter-satellite
ranging, which is accomplished through direct or indirect methods.2 A range measurement is typically the
time-of-flight or phase shift of a radio or optical signal, which is then converted to distance.3

Direct methods can provide more accurate measurements as the ranging signal is not subject to atmospheric
interference, and satellites do not have to wait for a ground station pass to perform ranging. For example, using
microwave ranging data along with the Global Navigation Satellite System (GNSS) data, the relative accuracy
of GRACE-FO Precise Orbit Determination (POD) orbits increased from 5.7 mm to 0.2 mm.4

In the radio domain, direct range measurements can be multiplexed with communication, as both signals can
be added and then phase modulated. However, it limits the power available for communication and reduces the
achievable data rate, a crucial requirement for most missions. In contrast, such multiplexing is not yet possible
in the optical domain as the optical signals are modulated using On-Off Keying (OOK) or Pulse Position
Modulation (PPM).5 As a result, a separate ranging system is required on each satellite, which can increase
the mission’s complexity, costs, and SMaP (size, mass, and power) requirements. Hence, research is ongoing to
perform ranging from satellite communication signals, which removes the need for separate ranging systems in
the optical domain6,7 and reduces the power consumption for radio systems.8–13
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This research focuses on developing a laser communication terminal with inter-satellite ranging capabilities
that interfere as little as possible with the system’s data transmission capabilities. This paper presents the poten-
tial application of precise inter-satellite distance measurements taken using such a system to estimate atmospheric
density from a two-satellite Along-track Orbit (ATO) formation. In Sections 2 and 3, the methodology and the
setup of the numerical simulations are explained, respectively. Section 4 gives the results of the simulations with
a detailed discussion. The paper concludes with an overview of future work in Section 5.

2. METHODOLOGY

Satellites in the Low-Earth Orbit (LEO) experience drag due to the presence of the atmosphere. The acceleration
due to drag (adrag) acting on the satellite is related to the local atmospheric density (ρ) by Eq. (1),

adrag =
1

2
ρv2CD

A

m
, (1)

where v is the speed of the satellite relative to the atmosphere, CD is the drag coefficient, and A/m is the area-
to-mass ratio of the satellite. Therefore, the drag data from satellites in LEO is used to estimate thermospheric
density and improve existing atmospheric models, such as the NRLMSISE model, which can compute density
with 15% uncertainty.14 A better estimation of atmospheric density is needed to improve the orbit prediction
of future satellites.

In this paper, different types of data available onboard the satellite are modeled and used to estimate the
density. A scale factor (f) is introduced, such that the true density (ρ) is a piecewise constant of the nominal
density (ρ̃) obtained from the NRLMSISE model. The relation can be written as:

ρ ≈ f × ρ̃ , (2)

and holds under the assumption that uncertainties in all other parameters in Eq. (1) are negligible compared
to the uncertainty in thermospheric density.15 f is a force model parameter and can be estimated with the
satellites’ initial states in the POD process.3 Substituting Eq. (2) in Eq. (1) gives Eq. (3), which will be the base
of numerical simulations.

adrag =
v2A

2m
(fρ̃) CD . (3)

For the simulations, an ATO formation in LEO of two 3U-CubeSats (i.e., one satellite follows the other on the
same orbit with some initial separation) with different A is used, assuming both satellites have onboard optical
communication and ranging systems to establish an Inter-Satellite Link (ISL). The different cross-sectional areas
will result in differential drag, leading to variations in the inter-satellite distance throughout the orbit. These
distance measurements will help to determine the drag coefficient of both satellites and thus will be added as
observables to POD. To make the estimation model compatible with the numerical simulation tool, Eq. (3) is
rewritten as Eq. (4), and it is assumed that the uncertainty in density is instead an uncertainty in CD, and the
knowledge of density from the model is exact. Therefore, the problem has now changed from density estimation
to estimation of CD (= f × C̃D), where C̃D is the nominal drag coefficient.

adrag =
v2A

2m
ρ̃ (fC̃D) . (4)

Using covariance analysis,3,16 the design matrix H is formed from a set of modeled observations (h) and a
set of parameters to be estimated (q), as given in Eq. (5). The set q includes the position (r), velocity (v),
and arc-wise CD of both satellites. To account for the variations in the atmospheric density, CD is estimated
over shorter arcs. The set h includes the modeled direct inter-satellite range (r12) to study the effect of ISL on
density estimation. Further, to make the system observable and well-posed, modeled GNSS positions of both
the satellites (rG1, rG2) are also added to h.
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H =
∂h

∂q
, h =

 r12
rG1

rG2

 , q =


r1(t > t0)
v1(t > t0)
r2(t > t0)
v2(t > t0)

CD1

CD2

 . (5)

The design matrix calculated in Eq. (5) contains the contribution of CD of both satellites separately. There-
fore, to consider their collective effect, the matrix H is modified such that:

∂h

∂CD
=

∂h

∂CD1

+
∂h

∂CD2

. (6)

The covariance matrix, P , is computed from Eq. (7), where W is the weight matrix of the observations, and
P0 is the a priori covariance matrix. W is set as a diagonal matrix with Wii = σ−2

h,i , where σh,i denotes the
uncertainty of observation i assuming Gaussian, zero-mean, time-uncorrelated, noise.

P = (HTWH + P−1
0 )−1 . (7)

The uncertainty in the GNSS positions is obtained from past missions, and the inter-satellite ranging accuracy
will be derived from the characteristics of the optical communication terminal. All the random errors are added
as zero-mean Gaussian noise to the modeled observations.

The standard deviation of the estimated parameters can then be computed from the covariance matrix as
σq,i =

√
Pii. Therefore, the relative uncertainty in the scaling factor f can be computed from the achieved

uncertainty in CD and the estimated CD using Eqs. (8) and (9).

f =
fC̃D

C̃D

=
CD

C̃D

, (8)(
σf

f

)2

=

(
σCD

CD

)2

+

(
σC̃D

C̃D

)2

. (9)

The first part of the right-hand side of Eq. (9) is the result of the simulations, and the second part is our

knowledge of the drag coefficient. The value of
σf

f
signifies the improvement that can be achieved in the density

estimates using the inter-satellite optical link. The following section describes the setup of the simulations.

3. SIMULATIONS

Numerical simulations were carried out using the orbital parameters of the leader satellite given in Table 1. The
follower satellite is at an initial relative distance of 12 km, i.e., ∆ν = 0.1◦, and is rotated by 90◦, such that the
leader has three times the reference area of the follower. Thus, the leader satellite will experience more drag,
leading to variations in the inter-satellite distance throughout the orbit. Although the computation of CD is not
trivial and depends on various factors, a nominal value of 2.2 is usually used along with a 5% uncertainty in the
a priori knowledge15 (second part of Eq. (9)). Besides, an uncertainty of 15 m is assumed in the GNSS positions
of both satellites.

Table 1: Orbital parameters of the leader satellite.

Perigee (rp) 400 km
Eccentricity (e) 0.01
Inclination (i) 87.18◦

Argument of Perigee (ω) 277.62◦

RAAN (Ω) 124.21◦

True anomaly (ν) 139.87◦
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4. RESULTS

The random noise in the inter-satellite range measurements is varied from cm to km, and its effect is analyzed on
the accuracy of the estimation of atmospheric density. The uncertainty in the drag coefficient is then computed
by performing a covariance analysis as described in the methodology with an arc length of 30 minutes for half a
day, i.e., eight orbits.

Fig. 1 depicts the variation of the uncertainties in the arc-wise drag coefficient over time for four distinct
noise levels in inter-satellite range measurements. The dashed line indicates the outcome of the simulations
when only GNSS positions are used as observations, and no direct ISL is added. Two trends can be seen; firstly,
adding direct range measurements between the two satellites reduces the uncertainty in CD, which is expected
because direct measurements carry more information about the local orbital dynamics than GNSS measurements.
Secondly, the uncertainty in CD increases with the increase in the ISL ranging noise, which is as expected because
increasing the noise decreases the weight of the modeled observations in W in Eq. (7). As a result, at greater
noise levels, the uncertainty in CD approaches the GNSS-only values.
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Figure 1: Plot of the arc-wise standard deviation of the drag coefficient σCD as a function of time for four levels of
Inter-Satellite Ranging noise σISL with an integration time of 1 s. The dotted line represents the observation model with
only GNSS positions and without ISL range measurements.

Further, to investigate the uncertainty in the scaling factor introduced in the methodology, the uncertainty
in the arc-wise drag coefficient is averaged over all arcs as shown in Fig. 2a. The curves begin to flatten once
the noise in the ISL measurements becomes more substantial than the GNSS observations, showing that the
indirect measurements have more weight in such scenarios. Furthermore, the three lines represent three different
integration times (ti), which signify the duration for which the link is active. It can be seen that as ti increases,
the uncertainty decreases. This is because the same noise gets averaged over a longer period, resulting in a higher
Signal-to-Noise Ratio (SNR) and high accuracy range measurements.

The relative uncertainty in the scaling factor f shown in Fig. 2b shows that the density can be estimated
within 5% of the nominal value in the best-case scenario. This value, however, is the same as the knowledge of
CD assumed for the simulation. If the knowledge of CD were exact, the uncertainty in the scaling factor would
be the same as the uncertainty in CD given by Fig. 2a, i.e., with range measurements of cm-level accuracy, the
uncertainty of density measurements could be reduced by three orders. Therefore, it can be inferred that the
estimation of atmospheric density is limited by the knowledge of the drag coefficient, and high-accuracy range
measurements add little value in this use case.

5. CONCLUSIONS

Range measurements performed using laser communication technology can prevent the need for separate in-
struments on-board the satellites. An application of such a combined system in the estimation of atmospheric
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(a) Uncertainty in the drag coefficient.
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Figure 2: Plot of the standard deviation σ as a function of Inter-Satellite Ranging noise σISL, averaged over 24 arcs, for
three integration times ti. The dotted line represents the observation model with only GNSS positions and without ISL
range measurements.

density is discussed in this paper. The analysis shows that high-precise direct inter-satellite range measurements
using optical communication signals can improve the density estimates compared to GNSS measurements only
if the knowledge of the drag coefficient can be improved. Therefore, future work will focus on improving our
knowledge of the drag coefficient. Moreover, the actual uncertainty in the optical ISL range measurements will
depend on how precisely the transmitted and received communication signals can be time-tagged and correlated.
A laser communication system will be modeled and analyzed to compute the achievable ranging performances.
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