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Abstract

High-precision inter-satellite ranging is critical for formation flying, autonomous navigation, and scientific measurements
in small-satellite missions. Laser communication terminals (LCTs) offer an opportunity to perform both data transfer and
ranging, but their dual-use imposes stringent requirements on onboard clocks and timing electronics. This paper investi-
gates the impact of clock-induced timing errors on two-way LCT-based ranging between CubeSats operating around the
near-Earth asteroid 99942 Apophis. A methodology is developed to unify clock noise specifications provided in datasheets,
generating realistic timing errors across microsecond-to-hour integration periods. Using high-fidelity orbital simulations,
two orbital configurations—coplanar and non-coplanar—are analyzed to evaluate how relative satellite geometry influences
the propagation of clock errors into range measurements, orbit determination, and the estimation of Apophis’ gravitational
parameter. Results demonstrate that inter-satellite links (ISLs) can reduce orbit determination errors along directions weakly
constrained by Earth-based Doppler—from 1-3 m to 0.1-0.3 m in coplanar formations, and even further in non-coplanar
formations—corresponding to improvements of one to two orders of magnitude. Subsystem-level noise, such as detector
jitter and time tagging, can still limit achievable precision, even with high-performance clocks. The methodology provides
a framework applicable to a broad range of small-satellite missions, guiding the selection of clocks, formation geometry,
and system design to optimize both navigation performance and science return.

Keywords Laser communication terminal - Data-aided ranging - Two-way ranging - Clock noise modeling - Inter-satellite
links - Small-body missions

1 Introduction ranging requires highly accurate timing systems, typically

sub-ns-level accuracy for resolving sub-meter or even cen-

Accurate relative distance measurements are fundamental
to satellite formation flying, enabling precise coordinated
maneuvers, Earth observation, scientific interferometry,
and deep-space exploration [1]. These measurements rely
on ranging techniques, which determine distance by meas-
uring the change in phase, frequency, or time of the signals
exchanged between satellites [2]. Achieving high-precision
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timeter-scale changes in inter-satellite separation.

For small satellites, integrating dedicated ranging sub-
systems is challenging due to strict constraints on size, mass
and power (SMaP). Consequently, there is growing inter-
est in leveraging existing communication terminals not
only for data transfer, but also for ranging functionalities.
A similar trend has already taken place in radio-frequency
(RF) systems, where the communication link served as the
only available means to reach the satellite and was therefore
adapted to support both telemetry and tracking [3—8]. This
dual-use approach can reduce system complexity and mis-
sion costs while optimizing onboard resources [9].

Laser communication systems are increasingly being
adopted in space missions due to their high data rates, nar-
row beam divergence, and enhanced security compared to
traditional radio frequency links [10]. Their adoption pre-
sents an opportunity to embed ranging capabilities directly

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12567-026-00699-y&domain=pdf

R. Jain et al.

within laser communication terminals (LCTs). Unlike dedi-
cated ranging systems, which are optimized solely for pre-
cise distance measurement, LCTs are primarily designed for
data transfer and do not include time-tagging functionality
by default. Ranging, however, fundamentally relies on an
accurate and stable clock: the transmission and reception
times of the signal must be tagged with sub-nanosecond
precision to translate time of flight into distance. Any drift,
jitter, or instability in the onboard clock directly propagates
into range errors, which is why the clock becomes a critical
component. Integrating ranging functionality into an LCT
therefore requires the addition of precise timing electron-
ics, careful signal processing, and synchronization mecha-
nisms, as even small clock or electronic noise can directly
degrade distance measurement precision. This dual-use
approach can significantly reduce system complexity and
SMaP requirements, but it also imposes stringent constraints
on the onboard clock, detector, and time-tagging electron-
ics to achieve reliable inter-satellite ranging performance.
Within these subsystems, clock noise is often the dominant
contributor to ranging errors [11, 12].

While laser communication systems and space-qual-
ified clocks have been individually studied, limited work
addresses how realistic clock-induced timing errors propa-
gate through two-way inter-satellite laser ranging for small
satellites. This paper addresses this gap by developing a
methodology to unify clock noise specifications from data-
sheets in both frequency and time domains, generating tim-
ing noise spanning microseconds to hours. This framework
is broadly applicable, enabling assessment of clock-induced
errors across different formation geometries and operational
scenarios. Using this approach, the study demonstrates the
feasibility and limitations of high-precision two-way ranging
via laser communication signal, and examines how clock
errors affect orbit determination and the estimation of the
gravitational parameter of a small body.

To assess the impact on mission performance, a test case
involving a formation of two small satellites with inter-sat-
ellite ranging orbiting near-Earth asteroid 99942 Apophis
is simulated [13, 14]. This concept follows the same line as
already consolidated small-satellite demonstration missions
such as DART-LICIACube [15], Comet Interceptor [16],
HERA [17], and the RAMSES study [14], which explore

Fig. 1 Workflow from clock
datasheet specifications to

Clock

coordinated multi-spacecraft operations for planetary
defense and small-body science. Two orbital configurations
for the formation are considered, coplanar and non-coplanar,
to examine how relative satellite geometry affects the propa-
gation of clock errors and the resulting ranging accuracy.
Additionally, the study evaluates how clock-induced errors
influence orbit determination and the estimation of the gravi-
tational parameter of Apophis, critical for precise navigation
and scientific measurements in asteroid missions.

By combining high-fidelity orbital propagation with
detailed clock noise modeling, the analysis provides insights
into the sensitivity of laser ranging measurements to clock
stability over the entire range of integration periods. The
results offer valuable guidance for designing satellite for-
mation missions that integrate laser communication and
ranging, highlighting scenarios where clock noise may limit
ranging precision and science return.

The remainder of this paper is structured as follows. Sec-
tion 2 describes the methodology for clock noise modeling
and time series generation. Section 3 details the simula-
tion framework, including the dynamical, observation, and
estimation models. Section 4 presents the results, covering
validation of the methodology, orbital dynamics, and the
effects of clock noise on ranging and orbit estimation. Sec-
tion 5 provides concluding remarks and outlines directions
for future research. An overview of the complete workflow,
from datasheet specifications to noise modeling, error gen-
eration, and orbit estimation, is shown in Fig. 1.

2 Methodology

In inter-satellite ranging, the distance between two satellites
is determined by transmitting a signal from one satellite to
the other and measuring the time of flight of the signal. The
specific ranging technique depends on the signal type and
the system architecture used for the measurement process
[2]. In this work, asynchronous two-way ranging is imple-
mented, where both satellites carry a transceiver and the
signal is transmitted and received asynchronously. Regard-
less of the method, precise timing of the signal at both
transmission and reception is essential, typically achieved
using space-qualified atomic clocks or GPS-based timing
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systems. While clock performance can be influenced by
environmental factors such as thermal fluctuations or radia-
tion, this study focuses specifically on the intrinsic stochastic
instabilities of the clocks themselves, whose quantification is
critical since they directly translate into errors in the meas-
ured range and, ultimately, mission performance.

This section presents the theoretical foundation of clock
errors, reviews the state-of-the-art space-qualified clocks,
and describes the methodology for converting datasheet
clock specifications into range error models suitable for
numerical simulations.

2.1 Clock error

The time error (AT (?)) introduced by a clock can be mod-
eled by Eq. (1), where T}, is the initial synchronization offset,
(Af/f) represents the average initial frequency offset, D is
the frequency drift or aging rate, and e,(¢) captures the sto-
chastic clock noise [18, Chapter 5]:

Af 1o

ATt =T, + (7>t+ th +e€.(1). €h)
The deterministic components 7, and D are typically cali-
brated prior to deployment or corrected during operations.
The term Af /f corresponds to the initial syntonization error,
which includes the sum of the initial and average environ-
mentally induced frequency offsets. Although its exact value
depends on calibration uncertainties and the measurement
process, it is generally treated as deterministic because it
represents the average frequency offset established during
calibration. In contrast, the stochastic term €,.(¢) accounts for
the unpredictable fluctuations arising from intrinsic phase
noise inherent in the clock signal and must be characterized
statistically using measures such as power spectral density
(PSD) or Allan deviation (ADEV).

Clock noise is commonly described in the frequency
domain using the PSD of fractional frequency fluctuations,
denoted by S,(f). It quantifies how the power of phase fluc-
tuations is distributed across Fourier frequencies f relative
to the carrier frequency f. of the clock. It is commonly mod-
eled as a sum of power-law components as given in Eq. (2)
[18, Chapter 6]:

S,(f) = za: hof* 2)

where each coefficient &, corresponds to a noise type charac-
terized by spectral exponent a. Typical noise types and their
spectral exponents are summarized in Table 1. The typical
range of a spans from —4 to 2, capturing a variety of noise
behaviors relevant to precision clocks. The PSD is particu-
larly suited for characterizing short-term or high-frequency

Table 1 Classification of power-law noise types, with spectral expo-
nent a and time-domain slope y as used in PSD or AVAR analysis
[18].

Noise type a U
White phase modulation (WPM) 2 -
Flicker phase modulation (FPM) 1 -2
White frequency modulation (WFM) 0 -1
Flicker frequency modulation (FFM) -1 0
Random walk frequency modulation (RWFM) -2 1
Flicker walk frequency modulation (FWFM) -3 2
Random run frequency modulation (RRFM) —4 -

fluctuations, such as thermal noise, shot noise, or flicker
noise, which occur on sub-second timescales.

To characterize longer-term stability and correlated noise
processes that may not be apparent in the frequency domain,
the ADEV is employed in the time domain. Unlike stand-
ard deviation, which assumes stationary and uncorrelated
noise, ADEV is specifically formulated to characterize time-
dependent and correlated noise processes commonly found
in precision oscillators. It is defined as the square root of
the Allan variance (AVAR), which statistically measures
how fractional frequency deviations y; vary over averaging
intervals of duration z. The AVAR ayz(r) is expressed in Eq.
(3) [18, Chapter 5]:

N-1
1 _ _\2

0')2,(1') = m ; ()’i+1 _yi) > 3
where y; is the average fractional frequency over the i-th
interval of duration = and N is the number of such intervals
in the dataset. Similar to PSD, AVAR can also be expressed
as a sum of power-law noise components, as given in Eq.
(4) [18, Chapter 5]:

63(7,’) = ZB”T”, )
H

where the coefficients B, represent the contribution of a
specific noise process, and the exponent y characterizes its
scaling with averaging time 7. The typical values of u for
different noise types are summarized in Table 1.

While PSD provides a complete spectral description of
the clock noise, it is most accurate for short-term, high-
frequency fluctuations and does not directly convey how
these fluctuations accumulate over longer averaging times.
Conversely, ADEV captures long-term stability and cor-
related noise for averaging times typically above 1 s, but
is sensitive to very high-frequency fluctuations. Therefore,
a comprehensive characterization of clock noise for inter-
satellite ranging requires considering both representations:
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PSD for high-frequency behavior and ADEV for long-term
correlations.

2.2 Space-qualified clocks

Precision timing in satellites is achieved using high-perfor-
mance atomic clocks. This section focuses on state-of-art
clocks suitable for space missions, i.e., with lower SMaP
constraints. These compact clocks are typically based on
miniaturized quartz oscillators, chip-scale atomic clock
(CSAC) technologies, or low-power rubidium atomic fre-
quency standards (RAFS). An overview of a few representa-
tive space-qualified clocks meeting these constraints is pro-
vided in Table 2. These clocks were selected to span a broad
range of size, mass, power consumption, and frequency
stability, representative of current and emerging options
for small satellite platforms. All of these devices are flight
proven. This list is not exhaustive; the clocks are shown only
as illustrative examples of different noise profiles and are
not intended as a comprehensive review or mission-specific
selection.

Clock datasheets provide the PSD S,(f) for f > 1Hz and
ADEV o (7) for r > 1. Power-law exponents a and u can be
obtained from these datasheet values using Eq. (5):

log S,(f;) —log S, (fi_1)
a; = ,
logf; —logfi_;

log o-yz(fl-) —log Gf(fi_l)
Hi = .

&)

logz; —logt;_,

Figure 2 shows the exponents associated with each clock,
revealing that each device exhibits a unique combination
of noise processes. It is apparent that a or u values are not
always integers. Therefore, although the integer power-
law framework established in Sect. 2.1 effectively captures
dominant noise contributions at different frequency offsets
or averaging times, real-world clocks often exhibit simulta-
neous contributions from multiple noise processes, making
simple integer-valued a or y models insufficient for high-
fidelity simulations. A recent study by [28] has demonstrated
the benefit of generalizing these exponents to rational values,
enabling more accurate replication of empirical clock noise,
as reported in datasheets.

Table 2 State-of-the-art space-qualified clocks for small satellites.

2.3 Time series of clock error

The output of a clock in ranging experiments is a time series
representing timestamps of signal transmissions and recep-
tions. To simulate realistic clock behavior, a clock noise time
series is generated and added to the ideal (noise-free) times-
tamps, yielding noisy timestamps that approximate actual
flight measurements.

A noise signal in time domain can be generated from a
given PSD using the method developed by [29]. The frac-
tional frequency PSD is first converted to time deviation
PSD using Eq. (6):

_ S0
©Qaf)?

Random Fourier components are then drawn with ampli-
tudes 1/S,(f)/2 and independent Gaussian-distributed real
and imaginary parts, while enforcing Hermitian symmetry
to ensure a real time series. Finally, the inverse fast Fourier
transform (IFFT) produces the clock time deviations x(7):

() = IFFT{ VS €40 } %)

where ¢(f) are random phases. This procedure yields a time
series consistent with the target PSD, suitable for simula-
tion of realistic clock noise. However, if the PSD given in
datasheet is used, the phase noise will only represent high-
frequency (short-term) noise, corresponding to timescales
7 < 1, such as white phase noise and flicker phase noise.
But, two-way range measurements also involve long inte-
gration times due to propagation delays, retransmission
delays, and signal integration, where low-frequency noise
dominates. Therefore, to accurately quantify the timing
errors introduced by a clock in a laser communication rang-
ing system, its phase noise is modeled by combining high-
frequency components derived from the PSD and low-fre-
quency noise characterized by the ADEV as shown in Fig. 3.

To incorporate the ADEV components, datasheet ADEV
values are converted to PSD using the methodology devel-
oped by [28], based on the standard relation between ADEV
and PSD given in Eq. (8) [18]:

S,(f) (6)

Name Material Weight (kg) Power (W) Form factor Flight heritage References
Microchip CSAC SA45 Cesium 0.035 0.12 <1U SPATIUM-I [19] [20]
Safran MiniRAFS Rubidium 0.45 ~1U - [21]
Accubeat USO Quartz crystal 2 <2U JUICE [22] [23]
Safran RAFS Rubidium 34 ~3U Galileo [24] [25]
Excelitas RAFS Rubidium 6.35 >3U GPS IIR [26] [27]

@ Springer
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Fig.2 Power-law spectral exponents @ and temporal exponents y as functions of offset frequency and integration times, respectively, character-

izing stochastic noise in state-of-the-art space-qualified clocks.
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Fig. 3 Flowchart showing the generation of a unified time series cap-
turing both short- and high-frequency clock noise.

o ©  [sin* (zzf)
o)(7) =2 /0 h,f [—(mf)z ]df. (8)

The methodology draws a direct correspondence between
the power laws in the frequency and time domains. By rep-
resenting the ADEV given in datasheet using Eq. (4), values
of B; and y; can be obtained for every i-th pair of (z, ayz(r)),

and the corresponding S,(f) values are obtained from Egs.
(2), 9), (10) [28].

B, iy n"*!
&= ~fyjp — 1 h; = T3 .
oo * sin*z .
I® = dz; i=1,....,n
1 0 Z2_ai

1
B : Ioo Xy ] T
fr= L 2t T Yy (10)
z\ B, I?

It should be noted that these equations are only valid where
the integral in Eq. (8) converges, i.e., for spectral indices
-3 < a < 1(see Appendix A for justification). From Eq.
(9), the corresponding time-domain exponents should satisfy
—2 < p < 2, which is consistent with the values observed
in Fig. 2a and d for all clocks. Hence, the methodology
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described above to convert ADEV to PSD is applicable to
the clocks considered in this study.

By combining the high-frequency PSD from datasheets
and low-frequency PSD derived from Eqgs. 10 and 9, a com-
plete PSD profile is obtained. This profile is used to gener-
ate time deviation series x(¢) based on Eqs. 6 and 7 [29].
To reduce computational load and memory requirements,
two separate time series are generated: a coarse time series
X oarse(f) SPanning the entire mission duration to capture low-
frequency, long-term drift, and a fine time series xg,. () over
each measurement window to capture high-frequency, short-
term fluctuations. The coarse series is interpolated within
each measurement window to match the timestep of the fine
series (t,,), ensuring consistent representation of both low-
and high-frequency noise. Depending on the mission dura-
tion and chosen timesteps, typical phase error series consist
of up to points, illustrating the computational scale of the
simulation. At each timestamp within a measurement win-
dow m, the total timing error eé"? introduced by the onboard
clock of satellite « is defined by Eq. (11):

6‘(:? [n] = interp <xcoarse [0 : Neoarse — 11, tn)

. >

'
coarse time series over full mission, interpolated

(m) .
+ X 1] ;
—— an
fine series for measurement window m
T..
window
n=0,1,...,Ngpe = Ii Ngpe = —;
tm
T,
_ . _ total
tn - ntm’ Ncoa.rse - At ’
coarse
where N, 1s the number of coarse time steps over the
full mission, T, is the total mission duration, Az, is the
coarse time step, t,, is the measurement step, Ty 40w 15 the

duration of a single measurement window, and Ny, is the
number of fine time steps within a measurement window.
The complete clock error sequence ¢, . over the mission is
then obtained by assembling the per-window realizations e‘(xf’é)
in chronological order:

= [® D (M-1)
€tl,C - [ea,c’ea,c’ ’ea,c ° (12)
where M = To1/ Twindow 1S the number of measurement win-

dows. Thus, €, . is not generated as a single realization over
the full mission, but rather as a sequence of window-wise
realizations stitched together to span the mission timeline.
The resulting time deviations from Eq. (12) are then
added to the simulated time-of-flight measurements to pro-
duce noisy range measurements. The sampling interval and
total duration of the generated clock error series are cho-
sen to match the specific observation model and mission
scenario, ensuring that the simulated noise aligns with the

@ Springer

timing resolution and integration windows of the ranging
system.

It should be noted that the fast Fourier transform (FFT)-
based approach used here correctly reproduces the tar-
get PSD in the generated time series, but can underesti-
mate the time-domain variance of flicker frequency noise
(S,(f) < 1/f 3) in finite-length samples. This limitation arises
from the intrinsic non-stationarity of 1/f processes and from
FFT windowing effects that suppress very low-frequency
components [30]. Consequently, while the low-frequency
PSD derived from ADEV remains theoretically valid at
a = —3, individual realizations may exhibit smaller phase
drifts than predicted by infinite-time analytical models. This
bias is not explicitly corrected in the current simulations,
because the study focuses on capturing general trends in
orbit estimation errors due to clock noise rather than precise
long-term phase deviations. Moreover, all noise amplitudes
are anchored to measured ADEV values from datasheets,
ensuring that the relative contribution of flicker FM to over-
all orbit estimation errors remains representative. For future
studies or for clocks strongly dominated by flicker FM, a
corrected FFT-based synthesis with improved low-frequency
weighting, such as that proposed by [30], is recommended.

Moreover, the methodology relies on manufacturer-pro-
vided ADEV and PSD data, which may deviate from the
actual clock performance in the space environment due to
unmodeled effects such as temperature variations, radia-
tion, or aging. This introduces uncertainty in absolute noise
levels, though relative performance trends between clocks
remain robust. Flight implementation of any clock should
therefore be validated through extended laboratory charac-
terization or in-flight calibration. Nevertheless, the meth-
odology is fully general and remains applicable if datasheet
values are replaced with experimentally derived f~PSD and
7-ADEV measurements.

3 Simulation setup

This section describes the simulation setup developed to
evaluate the impact of onboard clock errors on inter-satellite
LCT ranging and orbit determination performance. The mis-
sion scenario is loosely based on ESA’s RAMSES concept
[14,31] and is used here as a representative test case to dem-
onstrate the methodology rather than to reproduce the origi-
nal mission in detail. While RAMSES involves a mothercraft
and one or more small satellites, the present study focuses on
a simplified configuration of two satellites operating around
the near-Earth asteroid 99942 Apophis. This abstraction
allows the analysis to remain method driven while maintain-
ing a realistic dynamical and operational context.

In the modeled scenario, two CubeSats (C1 and C2) fly
in formation around Apophis, approximately 2 months prior
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to its close Earth flyby on April 13, 2029. Both spacecraft
are equipped with X-band transceivers for two-way Dop-
pler tracking to Earth and with LCT to establish a bidirec-
tional optical inter-satellite link (ISL). Each satellite carries
an independent onboard clock, which is used to timestamp
transmitted and received optical signals for inter-satellite
ranging. The combined radiometric and optical measure-
ments enhance both absolute and relative orbit determina-
tion, improving navigation accuracy and enabling more
robust estimation of the gravity field of the asteroid. Beyond
its scientific role, the ISL also provides high-rate payload
data transfer, inter-satellite time synchronization, and the
possibility of performing autonomous coordinated tasks,
particularly during periods of reduced visibility from Earth.

The subsequent subsections detail the dynamical model,
observation model and realization, inter-satellite communi-
cation link specifications, and estimation methodology, with
the objective of quantifying the impact of onboard clock
errors on ranging precision and orbit determination.

3.1 Dynamical model

The dynamical model describes the orbital motion of two
satellites around the near-Earth asteroid 99942 Apophis,
considering two distinct relative formations: coplanar and
non-coplanar. In the coplanar configuration, the satellites
are separated primarily along their orbital path (tangent to
the orbit), resulting in a leading—trailing formation. In the
non-coplanar configuration, the separation is mainly perpen-
dicular to the orbital plane, creating an out-of-plane offset
between the satellites. These two cases represent different
geometric sensitivities for inter-satellite ranging and are
used to assess the robustness of orbit determination, both
for precise navigation around the asteroid and for the estima-
tion of gravitational parameter of Apophis.

The initial conditions for satellites C1 and C2 in both con-
figurations are listed in Table 3. These conditions are based
on the orbital elements reported by [32], with parameters
adjusted to generate sufficient variation in relative geometry
and ensure observability of the inter-satellite measurements.

Table 3 Initial orbital parameters for satellites C1 and C2 for copla-
nar and non-coplanar orbit configurations. C1 has identical initial
conditions in both configurations.

Orbital parameters Cl1 C2 coplanar ~ C2 non-coplanar
Periapsis 500m 500 m 700 m
Eccentricity 0.01 0.01 0.05

Inclination 75° 75° 85°

Argument of periapsis 90 ° 90 ° 90 °

RAAN 45° 45° 55°

True anomaly 90 ° 180° 270°

In both scenarios, C1 maintains the same initial condi-
tions, while altitude, inclination, and true anomaly of C2
are adjusted to realize the desired relative geometry. The
initial inter-satellite separation is 1 km in the coplanar case
and 1.6 km in the non-coplanar case. The relative distance
evolves over time due to orbital dynamics, which are propa-
gated over an 8-day period to generate true time-of-flight
values for inter-satellite range measurements.

The gravitational field of Apophis is represented using
a spherical harmonics model based on its estimated mass
(= 5.31 x 10" kg). The associated coefficients C,, and S,,,
(I: degree, m: order) are taken from [32]. For the current
analysis, the expansion is truncated at degree and order 4
(I,m € [0, 4]), which provides computational efficiency and
is adequate at the radial distances of 600—1000 m considered
here. However, due to the highly irregular shape of Apophis,
this representation may not resolve fine-scale variations in
the gravitational field near the surface; for close-proximity
operations or landing scenarios, the use of higher-degree
gravity representations, such as polyhedral models, is rec-
ommended [32]. The rotational state of the asteroid is also
included in the model, with the initial pole orientation set to
a right ascension of 250 ° and a declination of 75 °, ensur-
ing that the gravitational potential accounts for both mass
distribution and rotation [33, 34].

Additional perturbations are included as follows: the Sun
and Moon are modeled as point masses; gravitational field of
Earth is represented with spherical harmonics up to degree
and order 2; and solar radiation pressure is incorporated
through a cannonball model parameterized by the satellite
surface area, reflectivity, and mass.

The true relative position between C1 and C2 is computed
at each time step to derive the true time of flight (trqp),
which forms the basis of inter-satellite range measurements
described in the following section.

3.2 Observation model

This section describes the mathematical formulation of the
measurements implemented in the orbit estimation frame-
work, focusing on two primary types: inter-satellite LCT-
based two-way time of flight (TOF) ranging via the opti-
cal ISL, and Doppler tracking to Earth using a typical deep
space network (DSN) radio tracking system. These measure-
ments are complementary: Doppler data provide absolute
velocity information relative to Earth, while the ISL offers
high-precision relative range between the two satellites.

3.2.1 Inter-satellite range observable

For the ISL, the cumulative two-way range observable,
N5 ranges 18 computed as the sum of two one-way range
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measurements along the signal path from transmitter to
receiver and back:

h2-range(tT) = hl—range(tT’ tRl) + hl-range(tTZ’ tR2) > (13)

where ¢, is the transmission time from the first spacecraft,
t7, is the transmission time from the second spacecraft, #g,
is the reception time at the second spacecraft, and #, is the
reception time at the first spacecraft. 1;_,,,, denotes the one-
way range observable given as:

) range (s Tg) = “rR(tR) - rT(tT)” + As, (14)

where rg(#z) and r;(z;) are the position vectors of the
receiver and transmitter at the reception and transmission
times #, and ¢, respectively, and As represents any additional
known signal path corrections such as relativistic or deter-
ministic delays. For the short inter-satellite distances consid-
ered here, As is negligible, so the true two-way time of flight
ttop between satellites C1 and C2 is effectively determined
by the geometric separation and is given by:

h2—range(tT) (15)

tror(tr) =
This idealized formulation does not include noise sources,
which are introduced in the observation realization.

For clarity, in this paper the terminology “one-way” refers
to a single signal path, while “two-way” refers to the sum of
the uplink and downlink paths, i.e., the total round-trip range
or time of flight between the satellites.

3.2.2 Doppler observable

The Doppler measurements used in this study correspond to
the two-way, time-averaged Doppler formulation computed
from the difference of two two-way range measurements,
referenced to the receiver time, divided by the integration
interval At:

h2—range(tR =1+ A1 - h2—range(tR =1)

hZ—Dopp(t) = At ’ (16)

where £, .. denotes the two-way range observable and Az
is the Doppler integration time. In practice, this corresponds
to averaging the instantaneous Doppler over the integration
interval, consistent with the operation of DSN tracking
systems.

3.3 Observation realization
This section describes how the true measurements are

generated from the spacecraft trajectories. The realization
accounts for the ISL performance, communication protocol,
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and operational constraints. All measurements are consid-
ered noise free.

3.3.1 Inter-satellite range realization

The inter-satellite range measurements are generated using
data transmitted by the LCT, so their realization depends
on the characteristics of the communication link. In par-
ticular, the feasible measurement cadence—i.e., how fre-
quently range observations can be obtained—is determined
by the performance of the optical link. The received power,
achievable bit rate, and frame duration collectively dictate
the maximum rate at which measurements can be generated.

The LCTs used are similar to those demonstrated on the
CLICK mission, with specifications listed in Table 4 [12].
Communication employs on—off keying (OOK) modulation
with direct detection via an Avalanche photodetector (APD)
and the ESA Specification for Terabit/sec Optical Links
(ESTOL) protocol with a frame size of 9504 bits (Table 5)
[35]. Each frame contains a mission-specific identifier,
which is time-tagged at both transmission and reception on
C1 and C2. Post-processing of these identifiers yields the
realized two-way inter-satellite range measurements.

The cadence of the inter-satellite range measurement is
fundamentally constrained by the bit rate of the communica-
tion link. The maximum achievable bit rate of the inter-satel-
lite optical link is fundamentally determined by the available
bandwidth of the hardware and the spectral efficiency of
the chosen modulation scheme. For a given bandwidth B
and modulation efficiency # (bits per second per Hz), the
theoretical maximum bit rate is:

Rmasz'r]' (17)

The modulation efficiency depends on the chosen modula-
tion format (equal to 1 for OOK in this study), while the
bandwidth is limited by the transmitter and receiver hard-
ware. In practice, coding schemes reduce the information
rate but improve reliability, effectively modifying the usable
spectral efficiency.

Once the target bit rate is defined, a link budget analysis is
performed to ensure that the optical link can support this rate
under worst-case conditions. The transmitted optical sig-
nal experiences attenuation due to free-space propagation,
optical losses, pointing errors, and electronic inefficiencies,
all of which reduce the received power. The instantaneous
received power P, can be estimated using the Friis transmis-
sion equation [36]:

Pr=Pl'Gt'/’lt'l{fs'Lp'Gr'Mr’ (18)

where P, is the transmit power, G, and G, are the transmitter
and receiver gains, y, and u, are the optical losses, Lf? is the
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Table 4 LCT specifications for the ISL, including laser, transmitter, receiver, and APD parameters [12].

Laser parameters

A Wavelength 1550 nm
P, Transmit power 200 mW
Transmitter parameters

D, Aperture diameter 1.3 cm
0,/ Half divergence 75 prad
0, Pointing accuracy -5 prad
I Optical loss 0.7

T, Frame duration 1ps
Receiver parameters

D, Aperture diameter 1.3 cm
a, Truncation ratio 0

U, Optical loss 0.7

AA Bandpass filter width 0.2 nm
Fov Field-of-view 1 mrad
APD parameters

n Quantum efficiency 0.8

G Gain 10

F Excess noise factor 35

B Filter bandwidth 500 MHz
o, Jitter 240 ps
1, Unmultiplied dark current 2.5nA
Loy Amplifier current 2.1 pA

Table5 Frame composition of the ESTOL protocol, showing field
names, descriptions, and sizes in bits [35].

Field Description Size (bits)
Frame identifier Unique frame sync marker 64
Header Metadata 960
Payload Data 8448
Error correction CRC or FEC codes 32

Total 9504

free-space path loss, L, is the pointing loss. The individual
terms are given by:

D 2

G = _fi_, G =™ (1 -a?),

t 02 r /1 r
172

2
A \2 917
L = (—) 5 L = —2 — 5
5~ \dzd » = XP (91 n

where d is the inter-satellite distance. In addition to attenua-
tion, the received signal is affected by noise from the detec-
tor and electronics. This noise is accounted for in the noise

19)

budget (Appendix B) and combined with the received power
P, to compute the effective signal-to-noise ratio (SNR).

For a successful link, the received power must exceed
a minimum threshold defined by the target bit-error rate
(BER), i.e., the number of possible error bits that can be
received on a certain link. Encoding schemes are used to
minimize BER and increase redundancy, improving the like-
lihood of correct signal detection. For a given modulation
and coding scheme, the required SNR and power to meet a
target BER is given by Eqgs. 21 and 20:

8 _ 2 . .
SNR,,, = 7 [erfc™(2 - BER)]” — Coding Gain (20)
@ 5 %
Pra2 G R, SR @n

where o, is the total noise power, G is the detector gain, R,
is the detector responsivity, and f is the modulation factor
(equal to 1 for OOK modulation in this study). The coding
gain accounts for the improvement due to error-correcting
codes. In this study, a conservative coding gain of 1 dB is
assumed.
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The link is typically designed for the worst-case scenario,
corresponding to the maximum inter-satellite separation d,,,,,.
The received power at this distance is used to compute the
noise power o,,, and the link margin is defined as the difference
between received and required power. A positive link margin
indicates that the link can be reliably established, while a nega-
tive link margin requires either reducing the bit rate or increasing
the transmitted power to maintain communication.

Finally, the communication system is designed to satisfy
both the mission-required bit rate and link feasibility. From
the bit rate and the frame structure of the communication
protocol (here, ESTOL), the frame duration I and the effec-
tive data rate can be calculated using Eqs. 22 and 23:

ty = 9504/R s, (22)

Data rate = Frame rate X Payload bits per frame

= 84481, 23)

To generate inter-satellite range measurements, each
communication frame is time-tagged at its start, which
directly determines the temporal resolution of the measure-
ments. Figure 4 illustrates the timestamping scheme for two
consecutive measurements in a single observation pass. The
time-tags obtained from the transmitted and received frames
are post-processed to compute the measured two-way inter-
satellite range for the n-th measurement set, p,, as:

Pu(ty1) = %[(’;,2 =1, + (4 = t:z,3):| ) 24)

where #,; and ¢ , denote the times recorded by the clocks on
C1 and C2, respectively, converted to a common time scale.

!/
tn+l,2 t;1’+1_’3
!
< t”'Q |ﬁ>| t;z.iﬁ ot 02
t <« } } } } s
tn.l tn+1,1 tna tn-l,4
>
tm

Fig.4 Timestamps in two-way range measurements in a single obser-
vation pass. Variables 7 and ¢’ denote the times recorded by the clocks
on Cl and C2, respectively; 6¢ represents the transmission offset,
reflecting the asynchronous timing between reception and the sub-
sequent transmission at the second satellite; and ¢, indicates the step
size between consecutive measurements.
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These time-tags mimic the behavior of a real system clock
and are related by the following equations:

fhy = tut +trop(,) 5 (25)
fy= t:l’z + 6t, (26)
g =15+ trop(t) 3) (27)
bop1,1 = oy s (28)

where 6¢, hereafter referred to as the transmission offset,
represents the temporal difference between the received and
transmitted frames at the second satellite. This offset cap-
tures the asynchronous nature of the inter-satellite measure-
ments and may result from observation scheduling, protocol
timing constraints, or minor differences in the spacecraft
clocks.

These time tags are only used to generate a noise time
series that mimics realistic measurement timing. In the
simulations, range measurements are taken with step size 7,
determined by the signal frame duration (Eq. (22)). Consec-
utive observation passes are separated by a waiting interval
twair = 10 min, with each pass consisting of N = 1000 indi-
vidual range measurements. While a communication signal
may contain many more frames, this number of measure-
ments per pass is sufficient to capture the temporal evolu-
tion of the inter-satellite range and the effect of clock noise,
while keeping computational cost reasonable. The choice
of N is arbitrary; using fewer or more measurements would
not qualitatively affect the resulting range error, provided
the temporal sampling adequately resolves the dynamics of
interest.

In summary, the temporal resolution of the inter-satellite
range measurements is governed by the frame duration and
the onboard clock. Because measurement timing is gov-
erned by discrete clock ticks, the achievable measurement
frequency is typically constrained to integer multiples or
divisors of the clock frequency. Link analysis ensures that
the selected bit rate and frame rate remain consistent with
the physical and operational limitations of the optical link
and the onboard clock. Although higher measurement fre-
quencies are attainable through advanced techniques such
as phase-locked loops (PLL), the current time-tagging
approach offers a realistic and tractable representation of
the measurement process for simulation purposes.

3.3.2 Doppler realization
Two-way averaged Doppler measurements are computed

from the difference of consecutive two-way range measure-
ments over the Doppler integration interval. An integration
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time of At = 60s is used, and Doppler measurements to both
satellites are acquired from DSN tracking stations for 1 h,
twice per day [14].

3.4 Measurement errors

The observables described in the previous section are ini-
tially generated as noise-free quantities from the propagated
spacecraft trajectories. To realistically emulate system per-
formance, measurement errors must be included. These
errors represent hardware imperfections, signal processing
limitations, and stochastic noise sources affecting both the
ISL and ground-based Doppler tracking. The following sub-
sections describe the error models applied to each measure-
ment type.

3.4.1 Inter-satellite range errors

For the ISL, the dominant error sources are the stochastic
timing fluctuations of the onboard atomic clocks, detector
jitter, and time-tagging uncertainty. The measured two-way
range p,.., 1s modeled as:

c
Pmeas = 5 (tTOF teéc + €c2) > (29)

where e, and e, denote the total errors at satellites C1 and
C2, respectively, and t1p is the true two-way TOF computed
from the relative positions of the satellites obtained from the
propagated orbits using Eq. (15).

Clock errors are modeled as a band-limited Gaussian
random process, characterized by the PSD and ADEV
specified in the clock datasheet (see Sect. 2.3). These errors
capture both long-term drift and short-term fluctuations.
Since each satellite carries an independent onboard clock,
separate noise realizations are generated for C1 and C2. The
transmission offset 6 between the received and transmitted
frames effectively sets the integration interval over which
the two-way clock errors accumulate, thereby influencing
the magnitude of the resulting range error.

Detector jitter (e,;) and time-tagging errors (e,) are mod-
eled as Gaussian processes. The standard deviation for
detector jitter is set to 240 ps, consistent with state-of-the-
art spaceborne APD detectors [12, 37]. For time-tagging
errors, a standard deviation of 200 ps is assumed [5, 12,
38, 39]. Laboratory telemetry ranging tests performed using
the Frontier Radio achieved a time-of-arrival precision of
2-3.5 ns at kilobit-per-second data rates [5]. Given that
laser communication operates at gigabit-per-second rates,
roughly five orders of magnitude higher, the assumed 200 ps
is realistic for high-speed LCT. The dominant contributions
to €, arise from the intrinsic response time of the avalanche
photodiode and its readout electronics, whereas €, primarily

reflects quantization and processing uncertainties within the
time-tagging circuitry.

The total range error €, at any satellite @ is therefore given
using Eq. (30):

€ =€t €, te€, 4, a €(CLC2 (30)

€y = €, +N{0,(2- 107192} + N[0, (2.4 - 10719}, (31)

where ¢, . is a segmented clock noise series, obtained by
assembling independent realizations for each measurement
window according to Eq. (12).

3.4.2 Doppler errors

For Doppler tracking, receiver and processing noise are the
primary error sources. These are represented as Gaussian
perturbations added to each Doppler measurement:

€D0pp ~ N{ 0’ 6]230PP} ) (32)

where o, is the standard deviation of the Doppler noise
€popp- 101 this study, a conservative value of oy, = 1 mm/s
is adopted to reflect typical receiver performance [40]. The
observed Doppler is then given by Eq. (33):

Pmeas = h2—l_)opp + €Dopp * (33)

3.5 Estimation model

The previous subsections defined the measurement process.
The inter-satellite range and Doppler measurements contain
information about the relative and absolute motion of the
satellites, but they are corrupted by measurement errors. By
generating these measurements with associated noise reali-
zations, the framework produces a set of synthetic observa-
bles that realistically emulate the performance of the meas-
urement system. Estimating the initial state vectors of the
satellites from these observables enables assessment of how
measurement errors propagate into orbit determination and
allows evaluation of the achievable precision of the mission
tracking system.

For this purpose, a batch least-squares algorithm [41] is
employed to retrieve the initial state vectors of satellites C1
and C2 as well as the gravitational parameter x4 of Apophis,
forming the set of estimated parameters q as:

q=[Xcp, X #1',
where X, = [xa,ya,za,xa,ya,za]T, for a € {C1,C2}.
(34
The estimator processes two types of observables. Firstly,
two-way inter-satellite range measurements, generated as
described in Sect. 3.3.1 and affected by clock-induced errors,
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Fig.5 PSD as a function of frequency for Microchip CSAC. The PSD
values below 1 Hz are obtained by conversion from datasheet ADEV,
the values above 1 Hz are directly from the datasheet [20].

detector jitter, and time-tagging uncertainties. These meas-
urements provide high-precision information on the relative
separation between the satellites but do not fully constrain
the absolute state in the Apophis-centered inertial frame.
Secondly, two-way Doppler measurements, obtained from
Earth-based tracking, providing the line-of-sight velocity
of each satellite relative to the reference frame. The latter
are primarily included to ensure observability (ability to
uniquely determine the state from the available measure-
ments) of the absolute states. These measurements form the
set of modeled observations h.

The design matrix H = oh/dq is formed by computing
the partial derivatives of each observable with respect to
the estimated parameters. H matrix quantifies how small
changes in the parameters affect the predicted measure-

ments. The covariance matrix, K, is computed from Eq.
(35),

K=(H'WH+K,), (35)
where W is the weight matrix of the observations, and K
is the a priori covariance matrix. The a priori uncertain-
ties are set to 15 m in position and 15 mm/s in velocity for
both satellites, providing a baseline constraint for the initial
parameter estimates.

The weight matrix is typically set as diagonal with entries
corresponding to the inverse variance of each measurement,
however, since two types of observables with different units
and noise characteristics are added to the estimator, meas-
urement weights are defined to balance their contributions
[42]:
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where N, and N, are the number of range and Doppler meas-
urements, respectively, 6,,,,. is the standard deviation of the
total range error (Eq. (30)), and ODopp is the standard devia-
tion of the Doppler measurement noise. The scaling factor
N,./N, ensures that the relative contribution of each meas-
urement type to the estimation is proportional to the number
of available observations. Without this normalization, the
large imbalance in the number of range and Doppler data
points leads to an ill-conditioned normal matrix and poor
numerical stability of the estimator.
The parameter update Aq is computed iteratively using:

Aq = K(H"WAh), (37)

where Ah is the residual vector between the modeled and
measured observations. Iterations continue until the relative
change in the residual Ah in consecutive iterations is below
a defined tolerance.

The estimated parameters obtained after convergence
are then compared with the true initial states and the true
value of y from the simulation, allowing the computation of
true errors in position, velocity, and gravitational parameter.
These true errors provide a direct measure of the accuracy
of the estimation under the influence of the modeled meas-
urement noise.

3.6 Simulation overview and objectives

The simulation framework generates synthetic inter-satellite
range and Earth-based Doppler measurements to perform
orbit determination for two satellites in the Apophis-centered
inertial frame. Inter-satellite range measurements, affected
by stochastic clock noise, detector jitter, and time-tagging
uncertainties, and Doppler measurements are used as inputs
to a batch least-squares estimator. This retrieves the initial
state vectors of satellites C1 and C2 and the gravitational
parameter y of Apophis, assessing how measurement errors
propagate into orbit determination accuracy.

The primary objective of the simulations is to study the
impact of clock noise on inter-satellite ranging and, conse-
quently, on orbit determination. To this end, the transmission
offset, 6¢, is systematically varied to capture the effect of
different integration times over which two-way clock errors
accumulate, while all other noise sources remain fixed. For
each 67, 1000 Monte Carlo runs are performed to obtain
statistically robust estimates of position, velocity, and gravi-
tational parameter errors. Clock noise profiles for both sat-
ellites are independently generated for each run, producing
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(a) Coarse clock noise over the mission duration of 2 days, generated with a sampling
interval of 0.01 s. The vertical axis shows noise amplitude in ps.
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(b) Fine clock noise for an observation pass of 16 s, generated with a sampling inter-
val of 1 us. The vertical axis shows noise amplitude in ns.

Fig.6 Absolute clock noise over the total mission duration (coarse) and over individual observation passes (fine).

unique two-way range noise (refer to Sect. 2.3). In contrast,
1000 independent Doppler noise profiles are generated once
and reused across all 6¢ runs, so that the i-th run for any 6¢
uses the same i-th Doppler noise profile. This setup ensures
that variations in the estimated states between different 6¢
runs are solely due to clock noise.

A baseline scenario using only Doppler measurements,
excluding inter-satellite range data, isolates the influence of
inter-satellite clock errors from other measurement noise.
Estimation performance is quantified using the root mean
square error (RMSE) of true errors over 1000 runs. Conver-
gence of the Monte Carlo simulations was assessed by track-
ing the RMSE as the number of realizations increased. The
RMSE was considered converged once successive values
changed by less than 1%. Under this criterion, convergence
was reached after approximately 500 realizations for short
transmission offsets and around 800 realizations for longer
offsets. To ensure uniformity and enable consistent compari-
son across all scenarios, 1000 realizations were used in all
cases. Overall, the framework provides a systematic evalu-
ation of the precision and robustness of LCT-based inter-
satellite ranging in the dynamical environment of Apophis,
explicitly accounting for stochastic clock noise. All mission
propagation and estimation simulations were carried out
using the open-source TU Delft Astrodynamics Toolbox
(Tudat)' [43].

! Documentation: https:/tudat-space.readthedocs.io, Source code:
https://github.com/tudat-team/tudat-bundle

4 Results

This section presents the results of the analysis described
in Sect. 3.6. Section 4.1 presents the validation of the algo-
rithm described in Sect. 2.3 to generate clock noise from
datasheet. Section 4.2 demonstrates the satellite orbits used
in the dynamical model for estimation setup and Sect. 4.3
gives the specifications of the communication link obtained
from the link analysis done in Sect. 3.3.1. Finally Sect. 4.4
presents the results of the Monte Carlo simulations, with
focus on the impact of clock noise on two-way range and
the true errors in satellite states and gravitational parameter.

4.1 Validation of clock noise generation

This subsection presents and validates the general noise-
generation methodology using the Microchip CSAC clock
before applying it to any specific mission scenario. Follow-
ing the approach detailed in Sect. 2, the datasheet ADEV is
converted to obtain PSD at frequency below 1 Hz. Figure 5
shows the PSD as a function of offset frequency spanning
1073 to 10° Hz, with low-frequency values derived from the
ADEV conversion and high-frequency values taken directly
from the datasheet [20].

Using the PSD in Fig. 5, two complementary noise series
are generated to capture different timescales of clock behav-
ior. A coarse series with a larger step size represents long-
term drift across the entire propagation duration, while a fine
series with a small step size captures short-term fluctuations
within individual observation passes. For example, simulat-
ing an entire 2-day mission at the fine step of 1 ps would
require over 1.7 X 10'! points, which is computationally
prohibitive. By splitting the simulation into a coarse series
with 1.7 x 10° points and fine series of 1.6 X 107 points per
observation window, both low- and high-frequency noise
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are accurately captured without excessive memory or pro-
cessing demands. Figure 6a and b show the example series.
Both series are combined to represent realistic timing errors
at all relevant scales. For the Microchip CSAC, this corre-
sponds to absolute timing errors of tens of nanoseconds over
second-level integration times and sub-nanosecond errors at
microsecond scales.

Although ADEYV is not ideal for representing high-
frequency noise components, which often follow power
laws with a > 1, it is used here solely for validation. The
noise time series generated from the PSD is converted to
an ADEV curve to enable direct comparison with the data-
sheet. Figure 7 shows that the fine and coarse noise series
agree well near the 1 s transition region and align with the
datasheet values. This consistency confirms the validity of
the methodology for producing a coherent noise time series.

The corresponding power-law behavior of the simulated
noise is summarized in Eq. (38).

—0.97, fort <3x1073s
+0.25, for3x 1073 <7 < 0.065 .

0,(7) /2 where g ~
—-0.5, forz>0.06s

(38)

The datasheet reports phase noise with spectral slopes
a €[-2.5,1.5] and u = —1. The simulation reproduces
the expected behavior for short (z < 3-1073 s) and long
(z > 0.06 s) integration times. For intermediate integration
times, the simulated noise shows y = 0.5 (or a = —1.5),
deviating from the input @« = —2.5, illustrating that ADEV
does not fully capture noise contributions in certain low-
frequency regimes. Nevertheless, the overall validation
confirms that the generated time series accurately represent

10-64 e Mean ADEV (coarse)
Std. ADEV (coarse)
10774 Mean ADEV (fine)
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\Z 10-84 ® Datasheet ADEV
S
2 109
@ 09 ,
< ».,
10710< ””'/'."l,
,,,, .
10114 e
10 103 10~ 10! 10°

Integration time, 7 [s]

(a) Overview across all integration times.

both short- and long-term clock noise suitable for subse-
quent mission simulations.

In principle, the expected contribution of clock noise to
range error can be estimated from the Allan deviation as
€. « 0,(7) 7. However, since ADEV does not fully capture
the high-frequency noise components relevant to short inte-
gration times, this relation is only indicative. Therefore, in
the simulations, the full time series similar to shown in Fig. 6
is added as noise to the inter-satellite range observables.

4.2 Orbit

This subsection presents the results of the orbital propaga-
tion of CubeSats C1 and C2 around 99942 Apophis over
an 8-day simulation period. Two distinct orbital config-
urations were considered to investigate the influence of
relative satellite geometry on inter-satellite laser ranging
performance: the coplanar and non-coplanar configura-
tions. The initial conditions for both scenarios are given
in Table 3.

In the coplanar configuration, both satellites share nearly
identical orbital elements and differ only in initial true
anomaly. This results in a phased formation in which the
satellites follow the same orbital path but are separated along
the track, producing a nominally coplanar orbit (Figs. 8a
and 9a). Over the first 3.5 days, the inter-satellite separa-
tion oscillates around 1 km. The separation then gradually
decreases over the next 2 days before expanding again,
eventually settling into another oscillatory pattern around
400 m (Fig. 10a). These variations are primarily due to the
strong gravitational influence of Apophis at this low orbital
altitude.

10794

ADEV, o,(7) []

10710<

10! 100
Integration time, 7 [s]

(b) Zoomed-in view for overlapping region for integration times 0.4-2s.

Fig.7 ADEV as a function of integration time for Microchip CSAC from simulated fine and coarse time series to verify noise-statistics conver-
sion. Mean and standard deviation of ADEV are obtained from 1000 Monte Carlo runs.
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(a) Coplanar orbit configuration.
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(b) Non-coplanar orbit configuration.

Fig.8 Three-dimensional orbital trajectories of CubeSats C1 and C2 in the coplanar and non-coplanar configurations propagated over 8 days.

The blue circle represents the center of the frame, Apophis.
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(a) Radial distance evolution for the coplanar orbit configuration.
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(b) Radial distance evolution for the non-coplanar orbit configuration.

Fig. 9 Time evolution of the radial distance of CubeSats C1 and C2 from center of mass of Apophis for the coplanar and non-coplanar orbit con-

figurations.

In the non-coplanar configuration (Fig. 8b), C2 is placed
on a distinct orbital plane, producing wider spatial separa-
tion and out-of-plane relative motion of the satellites. The
inter-satellite distance in this case (Fig. 10b) is more stable,
varying periodically between 300 and 1700 m. The greater
stability is linked to the higher altitude of C2, where gravi-
tational perturbations are weaker. Additionally, the non-
coplanar geometry improves the geometric constraints for
inter-satellite ranging by increasing the baseline diversity
in the out-of-plane direction. This enhances sensitivity in
estimating the radial distance and gravitational parameter of
Apophis, as the line-of-sight vectors from the two satellites

to the asteroid span a larger volume, reducing dilution of
precision (DOP) in the radial component and improving
observability of the along-track gravitational perturbation.

Both configurations exhibit radial distance oscillations,
with larger amplitudes in the coplanar case due to the satel-
lites closer proximity to Apophis (Fig. 9). The inter-satellite
time of flight remains on the order of microseconds in both
cases. Based on their geometry, the coplanar configuration
is expected to be more sensitive to short-term near-field
dynamics, whereas the non-coplanar configuration may
provide improved stability and measurement geometry for
gravitational parameter estimation.
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Fig. 10 Time evolution of the inter-satellite distance between CubeSats C1 and C2 for coplanar and non-coplanar orbit configurations.

4.3 Link analysis

The cadence of LCT-based inter-satellite range measure-
ments is fundamentally constrained by the bit rate of the
optical link. As discussed in Sect. 3.3.1, the maximum
achievable bit rate is determined by the available hardware
bandwidth and the chosen modulation scheme. For the
selected OOK modulation (7 = 1 bits/s/Hz) and a hardware
bandwidth of 500 MHz, the maximum achievable bit rate is
500 Mbps, corresponding to a frame duration or measure-
ment step of 19.008 ps. However, since the measurement
timing is governed by discrete 10 MHz clock ticks, the
measurement step must be an integer multiple of the clock
period. To satisfy this constraint, a rounded measurement
step of 20 ps is adopted, resulting in a bit rate of 475.2 Mbps
and an effective data rate of 422.4 Mbps according to the
ESTOL protocol specifications given in Table 5 [35]. This
slight rounding introduces a negligible difference and does
not significantly affect the range noise or estimation results.

Using this bit rate, the inter-satellite laser communica-
tion link is analyzed under worst-case distance scenarios to
ensure reliable ranging and data exchange. For the coplanar
configuration, the maximum separation is 1074 m, while for
the non-coplanar configuration it is 1720 m. The correspond-
ing link budgets are summarized in Table 6. The computed
link margins of 22.15 dB for the coplanar and 18.07 dB for
non-coplanar configurations confirm reliable performance
with a BER of 1076,

While the full link budget confirms reliable operation
under worst-case distances and chosen BER, the key aspect
relevant for orbit determination is the measurement step
(frame duration). This sets the cadence of inter-satellite
range observations and the sampling of clock noise in the
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Table 6 Laser communication link budget parameters and computed
link margin for the coplanar and non-coplanar orbit configurations at
bit rate of 475.2 Mbps and BER of 10

Coplanar Non-coplanar

w dB w dB
P, 0.2 —6.99 0.2 —6.99
G, 1.42 x 10° 91.53 1.42 x 10° 91.53
M, 0.7 —-1.55 0.7 —1.55
G, 6.94 x 108 88.42 6.94 x 108 88.42
U, 0.7 -1.55 0.7 -1.55
L, 0.9 —0.46 0.9 -0.46
Ly 1.29 x 10720 —198.79 5.15%x 107 —202.88
P, 1.15x 107 —-29.39 0.45x 1073 -33.47
P, 7.83 x 1077 —61.06 4.89 x 1077 —63.10
SNR 1.46 x 10 31.67 9.18 x 102 29.63
Py 7.14 x 1076 —51.54 7.14x 1076 —51.54
LM 164.09 22.15 64.19 18.07

simulated observables, which directly influences the estima-
tion errors analyzed in the Monte Carlo simulations.

4.4 Estimation results

This section presents the outcomes of orbit estimation
conducted using the simulation framework introduced in
Sect. 3.6. Two types of measurements are considered: Earth-
based Doppler tracking of both satellites and inter-satellite
LCT-based range observations, each subject to the noise
sources described in Sect. 3.4.

To isolate the influence of clock-induced errors, the trans-
mission offset ¢ is systematically varied between 1 ps and
10° s (27 h), thereby modifying the effective integration
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time over which two-way clock noise accumulates. For each
value of 6¢, 1000 independent Monte Carlo simulations are
performed, providing statistically robust results despite the
stochastic nature of both the noise processes and the batch
least-squares estimation algorithm.

The results are presented in two main parts. First, the
effect of transmission offset on two-way range errors is char-
acterized for all space-qualified clocks listed in Sect. 2.2.
Second, the evolution of true estimation errors in the x, y,
and z position components and in the gravitational parameter
u is analyzed over the observation arc for a single clock,
the Microchip CSAC, highlighting the contribution of ISLs
to orbit determination accuracy in both orbit configurations
(coplanar and non-coplanar).

4.4.1 Effect of transmission offset on range error

This subsection examines how the transmission offset 6t
affects two-way inter-satellite range error for six space-
qualified clocks listed in Sect. 2.2. Each data point is derived
from 1000 Monte Carlo simulations per clock and é¢ value,
ensuring statistical robustness. Figure 11 shows the resulting
range error trends, with horizontal reference lines at 0.102 m
(due to 240 ps detector jitter) and 0.085 m (due to 200 ps
time-tagging uncertainty), representing system-limited
errors. Not all clocks provide ADEV data up to 10° s time-
scales: the Microchip CSAC datasheet ends at 7 ~ 1000,
and the Safran MiniRAFS and Safran RAFS at 7 =~ 10*s.

------ Safran MiniRAFS ===+ Accubeat USO detector
Safran RAFS === Microchip CSAC

------- Excelitas RAFS Total (Microchip CSAC)

time tagging

104

HHH
A
& L L

H
9
A

RMS of two-way range noise [m]

—
|
©

0 10 10! 10! 10 10°
Transmission offset, d¢ [s]

Fig. 11 Variation of two-way inter-satellite range noise with trans-
mission offset, arising from errors in the clock, detector, and time-
tagging for six different space-qualified clocks. Shaded regions
indicate +1 standard error of the RMSE. Due to the large number of
runs, the standard error is very small, so the shading is barely visible
on this scale. Note: Datasheet ADEV ends at 7 < 10 s (Microchip
CSAC) and 7 < 10*s (Safran). Values beyond these limits are extrap-
olated and are illustrative only.

Beyond these limits, the corresponding ADEV curves are
extrapolated by holding the final reported value constant.
This assumption allows exploration of long-offset behavior
but does not represent validated long-term clock perfor-
mance. In reality, most oscillators transition to higher-slope
noise processes at large 7 (e.g., flicker walk or random walk
for quartz oscillators, and flicker-to-random-walk transitions
for rubidium clocks), which would increase phase and range
noise relative to the flat extrapolation used here. Thus, the
long-6¢ portions of Fig. 11 should be interpreted as opti-
mistic lower bounds that still preserve the qualitative trend:
less stable clocks exhibit larger errors at shorter offsets and
degrade more rapidly as transmission offsets increase.

All clocks follow a similar pattern: range errors increase
with ¢, showing a noticeable change in slope near 1 s. Each
clock exceeds the system-limited error at a characteristic
ot, reflecting its inherent stability. For 6¢ < 10, all clocks
maintain a two-way range error below 0.1 m, except the
Microchip CSAC, which reaches this threshold at 67 = 1.

In general, larger clocks achieve better stability, illustrat-
ing the trade-off between compactness and performance.
The Accubeat Ultra-stable Oscillator (USO) is an exception,
achieving errors comparable to larger clocks for 6 < 10s
despite its small form factor (< 2U). This is enabled by its
ultra-low phase noise quartz crystal oscillator, achieved
through a high-Q resonator and low-noise sustaining ampli-
fier design, combined with active double-oven thermal sta-
bilization that maintains sub-mK temperature control over
integration times of 1-1000 s, as developed for the JUICE
mission’s 3GM experiment [22].

The Microchip CSAC is selected for further orbit esti-
mation due to its widespread use in small satellites and
low SMaP requirements. For this clock, the figure shows
that at short transmission offsets (6¢ < 1s), range error sta-
bilizes around 0.132 m, dominated by detector jitter and
time-tagging uncertainty. At longer offsets (67 > 1 s), clock
noise becomes the dominant error source. Note that for off-
sets longer than 1000 s, this analysis relies on extrapolated
ADEYV values beyond the datasheet, which may underesti-
mate true long-term clock noise.

These results suggest that the choice of clock should
balance size, stability, and mission requirements. For short
transmission offsets (6¢ < 10s), where system noise domi-
nates, compact clocks such as the Microchip CSAC or Accu-
beat USO achieve sub-decimeter range errors while impos-
ing minimal SMaP (< 2U, low power). For longer offsets
(6t Z 10s) where sub-meter precision is required, larger,
high-stability clocks such as Safran RAFS or Excelitas USO
are recommended, achieving errors in the 0.01-0.05 m range
but with increased SMaP (3—4U, higher power), illustrating
a clear trade-off between precision and spacecraft resources.
For small satellites with stringent SMaP constraints, the
Microchip CSAC provides a practical compromise, offering
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acceptable performance at short integration times while
highlighting the limitations imposed by clock noise at longer
offsets. Selecting a clock thus requires considering both the
expected operational transmission offsets and the precision
demands of the mission.

It should be noted that the analysis relies on manufacturer
datasheet ADEV values, which reflect nominal laboratory
conditions; in-flight performance may differ due to envi-
ronmental factors such as temperature variations, radiation,
or mechanical stress. While the relative stability ranking
across clock types is expected to remain robust, absolute
ranging errors could deviate from these predictions. All
clocks studied are space-qualified or flight-proven, but final
performance should be validated through thermal-vacuum
testing, radiation exposure, or in-flight calibration.

4.4.2 Effect of transmission offset on orbit estimation

The initial states of both CubeSats were estimated over an
8-day propagation arc. To isolate the impact of ranging
precision on orbit determination, a Doppler-only configura-
tion—without IS measurements—is first considered as the
baseline. Estimation accuracy in all cases is assessed in the
radial-tangential-normal (RTN) reference frame, which is
defined relative to the center of mass of Apophis, with the
radial (R) axis along the position vector, the tangential (T)
axis along the velocity vector, and the normal (N) axis per-
pendicular to the orbital plane.

For the Doppler-only case, the truth and estimation mod-
els are identical; hence, covariance analysis is sufficient to
capture the full error distribution, and no Monte Carlo simu-
lations are required. The results presented for this configura-
tion are therefore the formal errors obtained directly from
the covariance matrix.

When ISL measurements are included alongside Dop-
pler tracking, full orbit estimation is performed. Accuracy
is quantified using the RMSE of the true errors in position
and gravitational parameter ¢, computed from Monte Carlo
simulations as defined in Eq. (39):

=Y, (39)

i=1

RMSE, R, = \

where e, ; is the true error of the estimated parameter k from
the i-th Monte Carlo run at the initial epoch, and N = 1000 is
the number of runs. The resulting RMSE values for both sat-
ellites and both orbital configurations are shown in Fig. 12.

Doppler-only measurements result in true position errors
exceeding 1 m across all RTN components for both satel-
lites and orbital configurations. For measurements involving
ISL, the variation of the true errors with the transmission
offset closely follows the total noise profile of the range
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measurements, as illustrated in Fig. 11. For transmission
offsets shorter than 1s, sub-meter inter-satellite range pre-
cision reduces true errors from the 1 m-level to the 0.1 m
level in the coplanar configuration, reflecting an improve-
ment of approximately one order of magnitude. Beyond 1 s,
clock noise becomes the dominant source of error, causing
a gradual increase in true errors. When the transmission off-
set exceeds 10* s (~ 2.7 h), true errors surpass those of the
Doppler-only baseline, indicating that clock-induced errors
degrade rather than improve the orbit estimation. This deg-
radation arises because, at such long transmission offsets, the
combined effects of clock noise and orbital motion cause the
measured ranges to lose their strong correspondence with
the satellites instantaneous positions, thereby reducing their
information content and leading to higher estimation errors.

Incorporating ISL range measurements significantly
improves orbit estimation accuracy in both coplanar and
non-coplanar configurations, but the distribution of improve-
ment across RTN components depends on both Doppler sen-
sitivity and ISL geometry. In the coplanar case, Earth-based
Doppler is most sensitive along the normal direction, par-
tially constrains tangential motion, and provides very little
information along the radial direction. The ISL vector is
mostly aligned with the radial-normal plane, so the largest
improvements occur in the radial and normal components,
while the tangential component, already moderately con-
strained by Doppler, benefits less. In the non-coplanar con-
figuration, Doppler strongly constrains radial motion, mod-
erately constrains normal, and weakly constrains tangential
motion. The out-of-plane ISL vector provides additional
geometric information in all directions, with the largest
enhancement in the radial component, followed by normal
and tangential. Overall, the non-coplanar geometry improves
observability across all state components, reduces parameter
correlations, and further enhances the robustness and accu-
racy of the orbit estimation, yielding lower errors compared
to the coplanar case. This behavior is clearly reflected in the
RMSE trends shown in Fig. 12.

Similar trends are observed in the estimation of the gravi-
tational parameter y of Apophis, as shown in Fig. 13. In the
coplanar configuration, ISL-enabled cases with transmission
offsets lower than 1s reduce true errors in g to 1.5 x 1073
m?3 /s, corresponding to a fractional uncertainty of approxi-
mately 0.042%, more than one order of magnitude lower
than the Doppler-only baseline of 0.02 m?/s (0.565%).
The non-coplanar configuration achieves an even greater
improvement, with true errors reaching 2 x 107> m?/s
(fractional uncertainty 0.00057%), exceeding two orders of
magnitude reduction. Notably, even at large transmission
offsets (6t = 1000 s), the non-coplanar configuration main-
tains errors more than one order of magnitude below the
baseline, demonstrating the robustness of the out-of-plane
geometry in preserving parameter observability despite
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Fig. 12 Root mean square true position errors in the RTN frame for
C1 and C2 in coplanar and non-coplanar configurations as a func-
tion of transmission offset. Shaded regions around the curves indicate
+1 standard error of the RMSE. Due to the large number of runs, the

increased clock noise. These results are consistent with the
positional error trends discussed earlier, where the non-
coplanar configuration also showed higher accuracy across
RTN components.

Overall, the incorporation of inter-satellite range meas-
urements substantially improves the estimation of both
position and p, with the non-coplanar configuration offer-
ing sustained benefits across a broad range of transmission
offsets. These insights are valuable for any future mission
whose scientific objectives rely on high-precision tracking,
as improved measurement accuracy directly enhances the
ability to determine small-body masses, gravitational fields,
and dynamical environments, and supports high-fidelity
modeling for exploration and formation-flying operations.
However, practical considerations such as increased system

102 1000 10! 10° 10°
Transmission offset, 0t [s]

10-°
(d) C2 - non-coplanar configuration

standard error is very small (approximately two orders of magnitude
smaller than the RMSE), so the shading is barely visible at this scale.
The vertical shaded region highlights the portion of the curves corre-
sponding to extrapolated noise.

complexity and clock synchronization challenges must also
be taken into account.

4.5 Discussion

The results presented demonstrate the capabilities of two-
way LCT-based ranging for a formation of two satellites
operating in the gravitationally complex environment of the
near-Earth asteroid 99942 Apophis. The analysis under-
scores the strong interdependence between clock stability,
orbital geometry, and the achievable precision of inter-sat-
ellite range measurements as seen from Figs. 11 and 12. The
utility of ISL is context-dependent: it provides the greatest
benefit along directions where Earth-based Doppler track-
ing is weakest. Even with continuous Earth-based tracking
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Fig. 13 Root mean square true errors in the gravitational parameter u
for coplanar and non-coplanar configurations as a function of trans-
mission offset. Shaded regions around the curves indicate +1 stand-
ard error of the RMSE. Due to the large number of runs, the standard

around Apophis, ISL enhances estimation of certain state
components as seen from Fig. 12. In missions with limited
tracking opportunities, such as planetary moon operations or
deep-space constellations, ISL can enhance state estimation
by providing measurements in regions with sparse Earth-
based data. These results highlight that the benefit of ISL is
maximized when it complements the strengths and limita-
tions of existing tracking data, although pointing and acqui-
sition requirements for optical terminals may pose practical
challenges.

Beyond geometry, the orbit determination performance
in LCT-aided inter-satellite ranging also depends on the
measurement integration time 6¢. For short integration
times (6t < 1s), performance improvements saturate, as
high-frequency noise is already well-averaged within the
measurement window. Conversely, for very long integra-
tion times (6t ~ 1000 s), performance degrades as low-fre-
quency clock errors begin to dominate. In typical mission
operations with continuous data transmission, 6t values are
usually shorter than a second, meaning the choice of clock
is less critical, since system-level errors from time-tagging
electronics and detector noise dominate. However, for mis-
sions where communication alternates between satellites in
different observation windows, integration times can reach
1000s, which can benefit from more stable clocks. Figure 11
illustrates how different clock types influence this behavior:
more stable clocks (e.g., Excelitas or Quartzlock) maintain
good performance at longer 6¢, whereas less stable clocks
(e.g., CSAC) degrade earlier, highlighting the importance
of matching the integration time to the clock characteristics
and mission profile.
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error is very small (approximately two orders of magnitude smaller
than the RMSE), so the shading is barely visible at this scale. The
vertical shaded region highlights the portion of the curves corre-
sponding to extrapolated noise.

From a practical standpoint, these results provide guide-
lines for mission designers. For short transmission offsets
(6t < 1s), compact clocks such as the Microchip CSAC or
Accubeat USO deliver sub-decimeter performance with min-
imal SMaP impact. In this regime, system-level errors from
detector jitter and time-tagging dominate, indicating that
upgrading to a higher-stability oscillator may offer limited
benefit. For longer transmission offsets (6t > 1s), achieving
sub-meter precision requires higher-stability clocks such as
Safran RAFS or Excelitas USO. The results also suggest
approximate thresholds where system-level noise dominates
over clock-induced errors, providing actionable guidance for
selecting integration times and clock classes tailored to mis-
sion objectives.

The methodology developed here is broadly applicable
across different clock types. While the estimation analysis
focused on the Microchip CSAC, a standard oscillator used
in small satellites, other state-of-the-art space-qualified
clocks have been evaluated, providing estimates of expected
two-way range precision across different integration times as
shown in Fig. 11. Selecting an appropriate clock for a given
mission requires considering both its frequency stability and
the achievable precision of the rest of the timing system.
Unless these subsystems support clock-level or better pre-
cision, upgrading to a higher-end oscillator yields limited
gains, illustrating the strong coupling between subsystem
performance and oscillator choice.

These considerations naturally lead to practical implica-
tions for mission planning. The type of LCT considered in
this study is most likely to be deployed on small satellite
platforms such as CubeSats or microsats, where compact
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size, mass, and power budgets are critical. Larger, more sta-
ble oscillators, such as USOs, are more suitable for flagship
missions, where mass and power constraints are relaxed.
Power budgeting is critical not only for the clock itself but
also for auxiliary electronics needed for high-precision
time-tagging of the laser communication signal, which can
substantially increase overall power demand. Therefore, a
trade-off must be made between clock stability, system-level
performance, and onboard resource constraints. In addition,
periodic clock calibration with ground stations could be per-
formed to further improve ranging performance and mitigate
long-term drift.

It should be noted that the current study assumes noise-
free link acquisition and neglects photon shot noise, back-
ground radiation variability, and pointing losses beyond the
static budget. In practice, these factors may increase the
overall range error and shift the thresholds where system-
level noise dominates over oscillator-induced errors. While
the analysis provides a robust baseline for inter-satellite
ranging performance, designers should account for these
additional noise sources in detailed mission simulations to
ensure conservative system sizing and error budgeting.

In addition to system design considerations, it is also
important to account for how clock noise is modeled in
actual flight data. When clock noise is the dominant con-
tributor to range error, orbit determination can incorporate
stochastic clock models that capture key noise types such
as white noise, flicker frequency noise, and random walk
[44]. For LEO satellites, 2.5-state clock models are com-
monly used to estimate bias and drift alongside orbital states,
improving orbit determination accuracy [45, 46]. The choice
of state model depends on the stability of the clock, with
more states required for less stable clocks or longer missions
where frequency drift can become significant.

Overall, this study provides a generalizable framework
for understanding the interplay between oscillator perfor-
mance, system-level noise, ISL. geometry, and orbit deter-
mination accuracy. The insights gained are applicable to
any mission where precise tracking is critical for science
objectives—whether for asteroid mass and density deter-
mination, planetary gravity recovery, formation flying, or
deep-space navigation [2]. Beyond the specific Apophis sce-
nario, the principles established here offer practical guidance
for designing inter-satellite tracking systems that maximize
information content while respecting spacecraft size, mass,
and power constraints, helping ensure mission designs that
remain both efficient and scientifically robust.

5 Conclusions and future work

This study demonstrates the capabilities and limitations of
two-way LCT-based inter-satellite ranging for CubeSat for-
mations operating around a near-Earth asteroid. A central
outcome is the detailed characterization and modeling of
clock-induced timing errors, providing a methodology for
incorporating clock noise into orbit determination algo-
rithms and predicting its propagation into estimation uncer-
tainties. For short integration times, PSD-based represen-
tations capture high-frequency behavior, while for longer
timescales, time-domain variance or ADEV is appropriate.
Near 1 s integration times, both representations should be
combined to model low- and high-frequency contributions.
When clock noise dominates, colored noise should be incor-
porated into simulated range measurements to accurately
reflect its impact. By systematically analyzing the impact
of clock stability, transmission offset, and orbital geometry,
the study quantifies how ISLs improve orbit determination
accuracy and reduce errors in key parameters, including the
gravitational parameter y. The results highlight that ISL ben-
efits are maximized along directions weakly constrained by
Earth-based Doppler, while subsystem-level noise—such as
detector jitter and time-tagging—can limit achievable preci-
sion even with high-performance clocks.

The methodology provides a framework to evaluate clock
selection, link geometry, and system-level trade-offs for a
wide range of missions and orbital configurations. These
insights offer practical guidance for future missions whose
science objectives critically depend on precise satellite
tracking, enabling informed decisions regarding oscillator
performance, link design, and spacecraft resource allocation.

Future studies could extend this analysis to multi-satel-
lite constellations and more complex orbital environments,
such as libration point orbits or planetary moons, where ISL
geometry and dynamics are more intricate. Incorporating
realistic ground station duty cycles, data gaps, and colored
noise would further refine predictions for orbit determina-
tion performance. Additional work should include a compre-
hensive assessment of LCT hardware contributions to total
range error, with particular focus on time-tagging jitter and
detector timing jitter, alongside photon noise, receiver band-
width, and filtering effects. Investigating adaptive filtering
and weighting strategies to mitigate long-transmission-offset
clock noise, as well as the trade-offs between clock perfor-
mance, detector electronics, and spacecraft resource budgets,
would further enhance mission planning. Finally, in-flight
validation using operational LCT payloads is essential to
confirm model predictions and guide the design of future
high-precision inter-satellite ranging missions.
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Convergence conditions for Allan deviation
integral

The AVAR ayz(r) can be expressed in terms of the PSD S,(f)
as:

sin*(zzf)
(zzf)? ]df ’
(A. 1)

where h,f* models the PSD with spectral index «, and
|H,,(f )|% is the AVAR filter transfer function. For this integral
to be well-defined and converge, it must be finite at both the
low-frequency (f — 0) and high-frequency (f — o0) lim-
its. To analyze this, consider the asymptotic behavior of the
integrand in the following equation:

5 asm (JTTf)
(”“/ P e &

Using asymptotic approximations near the limits, the inte-
grand behaves as:

/oofa—Z df,
63(1’) x
’ [12pt] /f"'_z(Mf)4 df ~ /f””'2 df, f = 0.
0 0
(A.3)

The convergence of integrals of the form / xP dx requires:

2= [ somory=2 | hJ“[

(A.2)

f — o,

{p<—1, for x - oo

— a—-2<-1 = a<l,
p>-—1,forx—>0

a+2>-1 = a>-3.
(A.4)

Thus, the analytical expression to obtain AVAR from PSD
is valid in the spectral range -3 < a < L.

Noise budget

The SNR is the ratio of the power of the received signal
(P,) to the power of the noise (P,) at the receiver. The noise
power can be expressed in terms of the noise equivalent
power (NEP) and the noise variance 6’21 by:

.\/——i

(o}
P, =NEP- VB = n
G-R,

G-R,- VB

where G is the detector gain and R, is the detector respon-
sivity given by:

(B.1)

rl'qe'/1

Ry = h-c ’

(B.2)

where 7 is the detector quantum efficiency, 4 is the wave-
length of light, g, is the electron charge, & is the Planck’s
constant, and c is the speed of light.
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The main sources of this noise are dark current (o),
background radiation (o-bg), quantum (aq) and thermal noise
(o,). The total noise variance is the sum of the individual
contributions:

6’21 = 0'56 + Ugg + O'Z + 0'12 . (B.3)
Each term is calculated as follows:

05 =24.1,. BF G, (B.4)
oy, =2q,R Py BF G, (B.5)
o, =2q,R;P,BFG’, (B.6)
o} =1,,,B. (B.7)

where I, is the dark current, B is the receiver bandwidth,
F'is the excess noise factor of the detector, P, is the back-
ground optical power, and /,,,,, is the amplifier current noise.
The background power Pbg 1s computed from the spectral
irradiance:

Py =L(A.T) - AA-Q - 2(D,/2)" -1 - L, (B.8)

2
L(A,T):zhc _ 1 ’

A5 he
e (3i7) -

where L(4,T) is the Planck spectral radiance, A4 is the
optical filter bandwidth, Q is the solid angle of the receiver
field of view, D, is the receiver aperture diameter, kj is the
Boltzmann’s constant, and L, accounts for additional opti-
cal losses.

(B.9)
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