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Abstract

The radio telescopes of the European VLBI Network (EVN) and the University of Tasmania (UTAS) conducted an extensive observation
campaign of the European Space Agency’s (ESA) Mars Express (MEX) spacecraft between 2013 and 2020. The campaign, carried out under
the Planetary Radio Interferometry and Doppler Experiment (PRIDE) framework, aimed to study interplanetary phase scintillation and
assess the noise budget in the closed-loop Doppler observations. The average closed-loop Doppler noise was determined to be approxi-
mately 10 mHz at a 10-s integration time, reaffirming the technique’s suitability for radio science experiments. We evaluated how different
observational parameters such as the solar elongation, antenna size, and elevation angle impact the Doppler noise. A key part of the anal-
ysis involved comparing results from co-located telescopes to investigate system noise effects. Co-located telescopes at both Wettzell and
Hobart provided highly consistent results, with any deviations serving as diagnostic tools to identify station-dependent issues. Additionally,
the use of phase calibration tones during spacecraft tracking showed that the instrumental noise contribution is of the order of 5% of the
total noise. This study provides a detailed noise budget for closed-loop Doppler observations with VLBI telescopes while emphasizing the
effectiveness of the co-location method in isolating system-level noise. These findings are important for optimizing future radio science and
VLBI tracking missions using stations outside the the Deep Space Network (DSN) and European Space Tracking (ESTRACK) network.

Keywords: Link budget; Doppler; system phase noise; plasma; frequency stability
(Received 18 February 2025; revised 24 March 2025; accepted 29 March 2025)

1. Introduction is a method to measure the Doppler shift in radio wave links,
enabling the determination of a spacecraft’s radial velocity com-
ponent. Within the PRIDE framework, Doppler observables have
been utilised in various scientific missions, including the study of
plasma media (Molera Calvés et al. 2014; Kummamuru et al. 2023)
and planetary atmospheres (Bocanegra-Bahamon et al. 2019).
Between 2013 and 2020, an extensive observing campaign of
the European Space Agency’s (ESA) Mars Express (MEX) was
conducted to study the interplanetary phase scintillation between
the sightlines of Earth and Mars (Kummamuru et al. 2023). The
primary objective of the long-term campaign was to look at the
change electron density as the spacecraft moves through solar
conjunction to opposition (0 — 180° elongation). A key feature

Radiometric techniques are fundamental to the navigation and
tracking of space probes. These techniques include Ranging,
Doppler, Delta-Differential One-Way Ranging (Delta-DOR) and
Very Long Baseline Interferometry (VLBI). Among these, Doppler
tracking is a key component of the Planetary Radio Interferometry
and Doppler Experiment (PRIDE), developed by the Joint
Institute for VLBI ERIC (JIVE) to provide high-precision space-
craft state vector estimation (Duev et al. 2012). Doppler tracking
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of the campaign was the large number of telescopes deployed in
the observations. These telescopes were employed in ‘three-way’
Doppler tracking observations, which involved transmitting a sta-
ble radio signal from a ground-based Deep Space Network (DSN)
or European Space Tracking (ESTRACK) antenna to a spacecraft
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Table 1.The different noise sources and the associated observation technique in
which they are observable (less et al. 2014; Asmar et al. 2005; Zannoni & Tortora
2013; Tortora et al. 2013).

Noise source Radio observable

Instrumental Thermal Doppler, Ranging, Delta-DOR, VLBI
Frequency standard Doppler, Ranging, Delta-DOR, VLBI
Mechanical Doppler, Ranging, Delta-DOR, VLBI

Phase delays in ground
and antenna systems

Ranging, VLBI

Propagation  Plasma and ionospheric

delay

Doppler, Ranging, Delta-DOR, VLBI

Wet tropospheric delay Doppler, Ranging, Delta-DOR, VLBI

Numerical noise Doppler, VLBI

Phase ripple Delta-DOR

and then receiving the returned signal at different ground-based
antennas. The array consists of European VLBI network (EVN)
telescopes located in Europe, Asia, and Africa, along with UTAS
antennas in Australia. Data from these antennas were used to anal-
yse the link budget, calculate errors in the closed-loop Doppler
data, and evaluate the performance of individual telescopes in both
VLBI and single-dish mode.

Radiometric techniques are subject to multiple noise elements
(Table 1) that affect the quality and precision of data. The most
significant of the noise contributions are introduced in the instru-
mental setup and the propagation path. Instrumental noise arises
from a combination of mechanical factors, thermal fluctuations,
and variations in frequency standards. Conversely, propagation
noises are introduced in media such as the troposphere, iono-
sphere and interplanetary space. The theory section discusses
the instrumental and propagation noise sources in greater detail.
The Doppler tracking technique is significantly affected by noise
sources in the 1-10 s timescale, which was demonstrated in the
analysis of Cassini spacecraft tracking data (Asmar et al. 2005).

Other noise sources, such as numerical noise and phase ripple,
are listed in Table 1. Numerical noise are caused by trunca-
tion errors during orbit determination, influenced by factors such
as Doppler count time, relative velocity, and mission specifics
(Zannoni & Tortora 2013; Iess et al. 2014). Similarly, phase rip-
ple, a dominant error source in classical delta-DOR methods
caused by phase dispersion across channels, is mitigated in mod-
ern techniques using spread-spectrum signals instead of DOR
tones (Towfic et al. 2019). Source structure noise (Anderson & Xu
2018) and correlation noise are unique to VLBI which arise from
the spatially extend nature of source and cross-correlation inaccu-
racies respectively. These noise sources are not discussed in detail
in this because they are not relevant to Doppler tracking.

Some of the important previous work on the error budget
assessment in the Doppler context was done by Bocanegra-
Bahamon et al. (2018), who determined the noise budget of MEX
in open-loop Doppler residuals from PRIDE stations and closed-
loop readings from DSN and ESTRACK antennas. The paper
demonstrates how the results of the antennas are comparable in
specific scenarios. Asmar et al. (2005) developed the noise bud-
get of the Doppler tracking observations of the Cassini, achieving
Allan deviations close to 107!° at 1 000 s integration time. Iess
et al. (2014) advanced this work by consolidating the error budget
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of the Doppler technique and other radiometric techniques from
the Cassini and Rosetta missions for different noise sources. In
this work, we aim to determine the noise budget of MEX in
closed-loop Doppler residuals from VLBI ground stations. Thus,
providing a framework to incorporate local ground stations into
radio science experiments and tracking observations beyond the
established DSN and ESTRACK networks.

The next section provides a mathematical framework for
Doppler observables, focusing on their application to system noise
characterisation and the development of the noise budget. This is
followed by an overview of the campaign’s observational setup.
Subsequent sections detail the noise budget and Doppler mea-
surements’ results and analysis, followed by a summary and a
discussion.

2. Doppler determination

The processing pipeline of spacecraft Doppler tracking is detailed
by Molera Calvés et al. (2021), which we briefly describe below.
The raw data from different telescopes is initially processed
through a Software Spectrometer (SWspec) to compute a time-
integrated signal power over the entire band, providing ini-
tial detection (signal strength), Doppler shift, and estimation of
frequency fluctuations. The next part is the spacecraft tracker
(SCtracker) that uses the time series of the initial frequency
detections to stop the varying Doppler shift filter out a narrow fre-
quency band. The next processing step is a digital phase-locked
loop (dPLL). The dPLL takes the SCtracker output data and
performs more precise narrow-band frequency detections by com-
pensating phase rotation. The outputs obtained are the SNR time
series, frequency detections, phase, and frequency residuals. These
quantities are further used in the noise budget analysis.

The Doppler noise is the measured frequency fluctuations that
indicate the variations in the Doppler measurements that inter-
fere with the accurate determination of the spacecraft’s velocity.
Given that the Doppler disturbances caused by the Earth’s iono-
sphere are significantly less intense than those arising from the
solar wind, Doppler noise is primarily indicative of the Doppler
variations associated with the solar wind (Woo 1978). We esti-
mate the Doppler noise by calculating the standard deviation of
the spacecraft carrier tone’s residual frequency given by

F, = Fyet — Frp (1)

where Fy, is the topocentric frequency detection along the entire
frequency band and scan length. Fy; is determined by calculating
the spectral centroid over multiple (5) frequency bins around the
spectral peak (Molera Calvés et al. 2021). The Fy, is a weighted
polynomial fit of the frequency detections to the SNR. A 6th order
polynomial fit is used because it best resolves the spacecraft’s
carrier tone by effectively removing the dynamical ephemeris
variations, leading to a more accurate Doppler compensation.
The phase residuals are obtained after processing the signal
in narrowband and detail the fluctuations on the phase of the
spacecraft carrier signal (Molera Calvés et al. 2021). These phase
residuals are used to construct a frequency domain power spec-
trum by calculating its fast Fourier transform (FFT) (Fig. 1). The
contribution of system noise is expected at higher frequencies,
with the cutoff in the spectrum determined via visual inspection.
For our observations, the lower end is set as 3 Hz below which the
polynomial fitting process filters out low frequency plasma fluctu-
ations. The system phase noise is the root mean square (RMS) of
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Figure 1. Phase power spectrum from an observation of MEX at Yarragadee on 24
August 2022, with New Norcia Deep Space Antenna as the uplink station. The sys-
tem noise effects are dominant in the higher frequency region. ‘A’ is the peak power
spectral density.

the inverse Fourier transform of the power spectrum values above
the cutoff given by

On = Vms(]:_l [Sg(f<s Hz)]) (2)

2.1 Doppler noise sources

Doppler tracking is affected by multiple noise sources, as specified
in Table 1. The precision of the Doppler is majorly suscepti-
ble to instrumental and propagation noises. Instrumental noise
arises from the inherent limitations of the signal transmit and
receive infrastructure. The mechanical sources are from the phys-
ical motion of the antenna’s phase centre, wind loading and
irregular thermal expansion of the antenna. The thermal source
of instrumental noise is a consequence of the receiver temperature
and other temperature-induced fluctuations in the observational
pipeline. The noise in frequency standards refers to fluctuations
in the stability of the reference signal used for precise tracking,
caused by instabilities in the reference clock. As part of analyz-
ing the instrumental noise, we initially look at the performance
of individual antennas in terms of their sensitivity. A telescope’s
sensitivity can be assessed using its system equivalent flux den-
sity (SEFD) value, with lower values indicating a higher sensitivity.
The SEFD is calculated using the following equation:

sep= S VBT (3)
n - SNR
where S is the received power spectral density, 7 is the antenna
beam efficiency, B is the receiver bandwidth and 7 is the inte-
gration time. We have used the measurements collected from our
observations to provide a first estimate of the SEFD at the X-band
for the participant radio telescope (Table 2).

Phase noise is directly tied to the finite SNR and becomes
more pronounced at lower SNR values, reflecting the limitations
imposed by signal-to-noise constraints. The one-sided thermal
white phase noise spectral density of the received signal gives the
relative noise power to the carrier tone, contained in a 1 Hz band-
width chosen to be centred at a frequency with a large offset from
the carrier frequency. The one-sided noise power spectral density
(PSD) is used for calculation because the negative frequencies are

https://doi.org/10.1017/pasa.2025.36 Published online by Cambridge University Press

redundant for real-valued processes, so defining the PSD for pos-
itive frequencies is sufficient. We calculate the Allan deviation of
the thermal white phase noise using

J3/SNR

om(t)=——— (4)

2rfot
where fy is the transmission frequency and 7 is the integration
time (Barnes et al. 1971; Rutman & Walls 1991). Overall, the ther-
mal noise is influenced by the link’s SNR and spanned bandwidth
of the observed spectrum, with the SNR depending on factors
such as antenna size and SEFD. For the MEX Phobos flyby, the
Allan deviation for thermal noise was calculated as 4.6 x 107"
for T =10 s (Bocanegra-Bahamon et al. 2018). Another source
of instrumental noise is caused by the spacecraft electronics, as
observed in the Venus radio occultation experiment (Bocanegra-
Bahamon et al. 2019), where the Allan deviation was estimated
to be approximately 107!* for 7 =1000 s. In comparison, the
Cassini experiment demonstrated an Allan deviation of less than

3 x 107!° for the same integration time.

The noise budget must also account for dispersive effects intro-
duced when radio signals propagate through the interplanetary
medium, ionosphere, and troposphere. The dispersive effects of
plasma in the ionosphere and the interplanetary medium are
frequency-dependent. Molera Calvés et al. (2014), Kummamuru
et al. (2023) describe the plasma noise from the Venus Express
(VEX) and MEX observations, respectively. The plasma phase
scintillation of the radio signal is characterised by performing a
first-order approximation of the phase spectrum on a logarith-
mic scale (Molera Calvés et al. 2021). The contribution of the
solar plasma propagation is dominant between 3 mHz-1 Hz fre-
quencies. Armstrong, Woo, & Estabrook (1979) describe the Allan
variance from this segment of the phase power spectrum as

f: sin* (wf)
& (mzf)?

where f is the spectral frequency and S, (f) is the one-sided phase
noise spectral density of the received signal.

The effects of the ionosphere at each station are calibrated
using the globally available total vertical electron content (VI'EC)
maps (Noll 2010). The radio link of the deep spacecraft is affected
by the tropospheric path delay, too, along the line of sight of obser-
vation. The location-dependent wet delay component can be cali-
brated using the Vienna mapping functions (Bohm,Werl, & Schuh
2006). The wet delay’s non-dispersive and non-homogenous
nature necessitates using calibration radiometers (Tortora et al.
2013). More recently, ESA established a tropospheric delay cali-
bration system at the Deep Space Antenna facility in Malargiie,
which saw an improvement in 51% of the Doppler noise in com-
parison to the standard global navigation satellite system (GNSS)
calibrations (Manghi et al. 2023).

The phase power is dependent on the solar elongation. A lower
solar elongation angle would intensify the mean power spectral
density (PSD). The Allan variance of the plasma propagation noise
follows through from Equation (5) and is estimated as

o= [ s af s

2y AT * sin? (7z2)
cry(r)—ﬂ%zt3/0 n dz (6)
A
So(f) =ﬁ’
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Table 2.The sensitivity, size and base noise level for the MEX campaign indicated by the SEFD (X-band), diameter, and system spectral noise level,

respectively.

P.K. Kummamuru et al.

Antenna (code) SEFD (Jy) ¢ (m) Allan deviation (t =105s) System spectral noise (10* rad? /Hz) No. of sessions
Ceduna (Cd) 600 30 (2.956 4 0.251) x 10~ 14 8.059 18
Hobart (Ho) 2500 26 (2.614 4 0.122) x 10~ 4.157 21
Katherine (Ke) 3500 12 (7.828 4 0.416) x 10~ 14 92.655 24
Yarragadee (Yg) 3500 12 (3.662 4 0.107)) x 10~ 23.452 32
Hobart (Hb) 3500 12 (1.006 4 0.053) x 10~13 84.888 11
Svetloe (Sv) 350 32 (1.019 4 0.027) x 10~ 0.652 29
Zelenchuk (Zc) 350 32 (7.07140.181) x 10~1° 0.361 70
Badary (Bd) 350 32 (1.224 4 0.051) x 10~ 1.144 44
Tianma (T6) 200 65 (2.7324+0.035) x 10~ 0.650 2
Yebes (Ys) 200 40 (3.761 4 0.062) x 10~ 0.050 1
Hartebeesthoek (Ht) 3500 15 (1.728 4 0.028) x 10~ 2.005 130
Warkworth (Ww)2 3500 12 (1.762 4 0.074) x 10~ 14.409 47
Kunming (Km) 1500 40 (4.37540.115) x 10715 0.234 3
Sheshan (Sh) 1500 12 (1.163 4 0.024) x 10~ 0.816 36
Metsahovi (Mh) 3200 14 (3.547 4 0.223) x 10714 8.399 6
Hartebeesthoek (Hh) 850 26 (1.262 4 0.025) x 10~ 1.098 5
Onsala (On) 1500 20 (1.499 4 0.036) x 10~ 1.842 2
Wettzell (Wz) 750 20 (1.757 4 0.044) x 10~ 1.441 18
Wettzell (Wn) 2500 13.2 (1.85+0.026) x 10714 1.287 3
Warkworth (Wa)® 900 30 (4.88+0.151) x 10714 18.460 2
Ulsan (Ku) 1080 21 (1.355 4 0.028) x 10~ 1.066 2

2Data credits: Gulyaev, Natusch, & Wilson (2010).
bData credits: Woodburn et al. (2015).

where A is the peak of the PSD, 7 is the integration time, m is the
slope of the linear fit.

In Doppler tracking, frequency standards are crucial for pro-
viding precise calibration frequencies. H-masers demonstrate sta-
bilities between 2 x 1071° and 6.69 x 107! at 1 000 s integration,
enhancing precision in space science (Dai et al. 2022). In this case,
the ground station frequency reference sources generally have
thermal stability in the range of 1071°-10716.

3. Observational setup

The MEX campaign (2013-2020) was carried out using 21 differ-
ent VLBI telescopes across the globe with over 300 observation
epochs. During this campaign, the X-band (8.4 GHz) telemetry
carrier signal from MEX was observed. The coherent signal was
tracked in a closed-loop receiver setting. The closed-loop receiver
actively tracked the MEX signal by continuously adjusting its local
oscillator to maintain a phase-locked loop (PLL). Raw data is
recorded as the broadband radio signal in VLBI Data Interchange
Format (VDIF). In addition to the nominal campaign, we con-
ducted ad-hoc observations of MEX in 2023 with co-located tele-
scopes. Each session was segmented into 19-min length scans with
a 1-min slewing window for readjusting its position to track the
spacecraft between each of them. The analysed data can be segre-
gated into Doppler observables and system noise-based quantities.
In the following sections, we shall see how different scenarios help
evaluate these variables to assess the performance of telescopes.
The infrastructure of each antenna is characterised by sev-
eral distinct features. One of the most notable differences is the
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antenna aperture size, which ranged from the smallest 12-m tele-
scopes operated by UTAS to the largest 65-m telescope in Tianma
(Table 2). The telescopes used also differ in that they have either
circular or linearly polarised feeds. Deep spacecraft communica-
tion is usually done with circular polarization signals to mitigate
signal degradation caused by the rotation of the spacecraft or
polarization mismatches due to the signal’s passage through the
ionised medium.

4. Results and analysis

This section details the instrumental noise budget, system stability,
Doppler noise variations, the use of co-located telescopes, and the
propagation noise budget. By systematically analyzing the perfor-
mance of telescopes used in the campaign, we aim to understand
the factors influencing the accuracy of Doppler tracking in the
context of PRIDE experiments.

4.1 Instrumental noise budget and system stability

The investigation begins with assessing the instrumental noise
budget and system stability, which are crucial to evaluating the
telescopes’ performance. The SEFD values and Allan deviation
quantitatively measure each telescope’s sensitivity and frequency
stability, respectively.

The SEFD values and Allan deviation, calculated using
Equations (3) and (4), respectively, are listed in Table 2 for the tele-
scopes ranging between 12 to 65 m in diameter. Telescopes such
as Hobart and Katherine with higher SEFD values, i.e., poor sen-
sitivity, have lesser frequency stability. On the other hand, large
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Figure 2. A comparison of the system noise levels obtained from the phase power
spectrum with the corresponding antenna sizes. The black lines correspond to the
standard deviation for the scenarios when when there were multiple telescopes with
the same diameter.

antennas like Kunming (40 m) and Tianma (65 m) present better
Allan deviation, partly due to better sensitivity and larger size.

The telescopes’ system phase spectral noise levels are exam-
ined to understand their performance during Doppler tracking.
The system phase noise is a camulative result of mechanical vibra-
tions, antenna mount movements, oscillator fluctuations, ampli-
fier inconsistencies, receiver instabilities, and thermal fluctuations.
At lower solar elongations, the solar plasma propagation effect
saturates the system noise, making it increasingly challenging to
assess intrinsic system performance. We select only sessions with
solar elongations above 20 degrees to avoid this bias and calcu-
late their system phase spectral noise. Fig. 2 provides an overview
of the spectral noise for different-sized telescopes used in the
campaign (Kummamuru et al. 2023). The assessment shows how
Hobart (12 m), Katherine (12 m), and Warkworth (13.2 m) exhibit
higher phase noise levels contributed by antenna-based character-
istics. We observe a higher level of uncertainty of +0.53 x 107* in
Hobart’s (12 m) sensitivity, which is likely a result of the increased
sensitivity that could be caused by increased receiver temperature
or inherent characteristics and noise contributions from the back-
end signal processing system. The larger telescopes with better
sensitivity, like Tianma (65 m) and Kunming (40 m), have lower
levels of system phase noise.

In Fig. 3, the system phase noise obtained from the resid-
ual phase is compared as a function of the SNR. It exhibits a
decaying relationship between system phase noise RMS (ophn)
and carrier SNR. The linear fit (black line) in the linear-log
graph suggests a power-law relationship between the system phase
noise and SNR, which approximately follows SNR o< oyp,," rela-
tion where n~ 0.5. This decaying trend is consistently observed
across the different stations, with only certain station-specific
variations that could stem from intrinsic factors such as equip-
ment characteristics. Greater sensitivity to noise causes outliers at
lower SNR values. The overall analysis indicates that noise can
be reduced by improving the system’s sensitivity. This can be
achieved through factors such as using larger antennas, lower-
ing the SEFD, or enhancing receiver performance. Additionally,
increasing the signal-to-noise ratio (SNR) effectively reduces sys-
tem phase noise up to a certain threshold, beyond which the
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Figure 3. A comparison of how the system phase noise varies with the mean carrier
signal SNR throughout the campaign.

system’s inherent noise characteristics dominate. At lower SNR
values, the system phase noise is largely dominated by thermal
noise and instrumental fluctuations, leading to a nearly linear
dependence, where increased SNR directly improves the phase sta-
bility as seen in Fig. 3. However, as the SNR continues to increase,
the influence of phase instabilities due to propagation fluctuations
begin to dominate. These effects introduce a nonlinear saturation
in the phase noise behavior, resulting in the observed curvature.
Essentially, once the system reaches its intrinsic noise floor, fur-
ther increases in SNR no longer yield proportional improvements
in phase stability. At lower SNR values, the system phase noise
is largely dominated by thermal noise and instrumental fluctua-
tions, leading to a nearly linear dependence, where increased SNR
directly improves the phase stability. However, as the SNR contin-
ues to increase, the influence of external noise sources diminishes,
and systematic effects such as phase instabilities, tropospheric
and ionospheric fluctuations, and instrumental phase noise begin
to dominate. These effects introduce a nonlinear saturation in
the phase noise behavior, resulting in the observed curvature.
Essentially, once the system reaches its intrinsic noise floor, fur-
ther increases in SNR no longer yield proportional improvements
in phase stability, causing the curve to bend rather than continue
linearly.

The analysis of system phase spectral noise for the stations
Hb and Ke for the periods 2013-2016 and 2020-2021 reveals
notable differences. In the 2013-2016 period, only the Ke sta-
tion had recorded sessions, with an average system phase noise
of 6.03 radians for a mean solar elongation of 26.97 degrees.
The Hb station had no sessions during this period. In contrast,
during the 2020-2021 period, both Hb and Ke stations exhib-
ited significantly higher system phase noise levels. The Hb station
recorded an average spectral noise of 80.58 x 10*rad*/Hz with a
mean solar elongation of 84.53 degrees during this period, while
the Ke station showed an even higher average system phase noise
of 109.89 x 10*rad®/Hz with a mean solar elongation of 86.62
degrees. This highlights a considerable increase in system phase
noise post-2020. During this period, the legacy VLBI (S/X) sys-
tem was being upgraded to the broadband VLBI Global Observing
System (VGOS), and the increased system noise can likely be
attributed to synchronization offsets in the newly installed Digital
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Base Band Converter (DBBC). The DBBC is a key component
of VLBI receiving systems, performing data acquisition, channel
selection, and baseband conversion by applying sampling, filter-
ing, quantization, and FFTs to the input analog signal (Tuccari
2003). To put into perspective, geodetic observations have a higher
tolerance of DBBC noise compared to spacecraft observations on
account of having more bandwidth. Another possible explanation
could be losses due to the antennas recording in linear polar-
ization, while MEX’s radio echo signal is transmitted in circular
polarization along both left and right directions (Patzold et al.
2004), leading to signal loss in one direction.

4.2 Doppler noise variations in sequential topocentric
detections

The Doppler noise is estimated at multiple stages during the
data processing (Molera Calvés et al. 2021). The first instance
occurs after the polynomial fitting in SWspec, where the topocen-
tric frequency detections are obtained along with the associated
stochastic noise of the polynomial, referred to as ‘DNoise0’. The
second instance arises after the dPLL processing, which generates
refined topocentric frequency detections and their correspond-
ing stochastic noise, labelled ‘DNoise2’. At this stage, the data is
filtered to a 20 Hz bandwidth. Additionally, the stochastic noise
of the polynomial fit for the frequency detections generated by
SCtracker is termed ‘DNoisel’. However, DNoisel is not used for
our study, as the final dPLL narrowband results are preferred over
the SCtracker wideband outputs. As such, our focus remains on
DNoise0 and DNoise2 parameters in this study.

4.2.1 Antenna aperture size

To compare how the aperture sizes of the antennas affect DNoise0
and DNoise2, we select sessions where multiple antennas were
used, and the solar elongation was sufficiently high (=~ 63°) to
minimise the influence of coronal effects. The most suitable was
a session on 13 December 2015 involving three antennas of dif-
ferent sizes: Sv (32 m), Ht (15 m), and Mh (14 m). The results
in Fig. 4 demonstrates how the aperture size affects the stochastic
noise of the initial detection polynomial fit (DNoise0). Specifically,
the RMS DNoise0 values in Hz are as follows: 0.0340 for Ht (15
m), 0.0657 for Mh (14 m), and 0.0183 for Sv (32 m). These values
highlight that larger antennas exhibit lower DNoise0, with the Sv
antenna achieving the lowest noise.

In contrast, the differences in the stochastic noise of the fit for
the narrowband detection (DNoise2) are much smaller overall,
with a maximum difference of 1.4 mHz, indicating that the nar-
rowband processing copes with weaker signals of smaller antennas
and extracts frequency detections as accurate as that of the larger
antennas. This is expected as the dPLL performs more precise fre-
quency detections in a narrow band by compensating for residual
phase rotation. The dPLL mitigates much of the variability seen
in the wideband polynomial fit stage (DNoise0). Consequently,
the influence of antenna size is reduced in this stage, as the
dPLL focuses on refining the frequency detection within a con-
strained band where systematic noise sources dominate over
size-dependent effects.

4.2.2 Elevation angle

The elevation angle is the third parameter evaluated, particularly
with tropospheric effects expected to dominate at lower elevations.
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Figure 4. A comparison of Doppler noise levels (DNoise0O-top, DNoise2-bottom)
between Ht (15 m), Mh (14 m) and Sv (32 m) for a session held on 13 December 2015.
The vertical black dotted lines demarcate each scan of 1 140 s length. The RMS values
of the DNoise0 for the Ht, Mh and Sv are 0.034, 0.066, and 0.018 Hz, while the DNoise2
values are 2.51, 1.05 and 1.33 MHz, respectively.
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Figure 5. A comparison of how Doppler noise levels (DNoise2) vary at elevation angles
across the observing campaign for all stations. The elevation angle is used to represent
the average position of the spacecraft during a scan. This means that the antenna is
fixed at the position where the spacecraft is anticipated to be at the midpoint of the
scan, which occurs 10 min into a total scan duration of 19 min.

The DNoise2 variation with the elevation angles for all the ses-
sions across the observation campaign is plotted in Fig. 5. We
excluded sessions that were below 20 degrees of solar elongation
to prevent any bias in values caused by the proximity of the Sun.
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Table 3.Doppler Noise values (DNoise0 in Hz, DNoise2 in mHz) for Ht and Zc at
Different solar elongations.

Station Solar elongation (°) DNoise0 (Hz) DNoise2 (mHz)
Ht 5.85 2.53 16.7

Ht 13.79 0.0488 3.94

Ht 22.93 0.0540 2.78

Ht 44.41 0.0348 2.13

Zc 3.00 9443.06 113.27

Zc 12.90 0.0195 6.03

Zc 22.93 0.0208 3.36

Zc 38.32 0.0143 1.16

The DNoise2 is the highest in the 0-9 degrees elevation range, sug-
gesting stronger tropospheric effects when the target is at a lower
elevation. As the elevation angle increases past 9 degrees, a sharp
drop is seen in the DNoise2 value and a gradual, almost slow lin-
ear reduction in the value as the elevation angle increase past 18
degrees. It is worth noting that the observations are subject to
other factors and conditions related to the signal propagation or
the specific geometry of satellite tracking given the multiple anten-
nas being used. Thus, the gradual decrease in the Doppler noise
with increasing elevation captures more of a typical behaviour of
Doppler noise with this factor.

As made clear in the foregoing discussion, Doppler noise is
affected by instrumental and physical factors. This allows observa-
tions to be planned with the optimal set of antennas and optimise
our Doppler data output based on solar elongation and elevation
angle.

4.2.3 Solarelongation

We analysed observation sessions from the Hartbeesthoek (Ht)
and Zelenchuk (Zc) stations in 2015, corresponding to a range
of solar elongations, to study the impact of Sun-spacecraft-Earth
geometry on Doppler noise.

The RMS DNoise0 (Hz) and DNoise2 (mHz) values for Ht and
Zc show a significant decrease with increasing solar elongation,
indicating sensitivity to this parameter. The key values are sum-
marised in Table 3. The variation in Doppler noise across different
solar elongations is illustrated in Fig. 6, which presents results
from the Ht sessions.

The ratios of DNoise0 to DNoise2 for each elongation pro-
vide additional insights. For Ht, the ratios range from 151.44 at
5.85° to 16.34 at 44.41°. For Zc, the ratios start at an extremely
high value of 83 366.51 at 3.00° before stabilizing at 3.23 at 12.90°,
6.18 at 22.93°, and 12.25 at 38.32°. These findings reveal a signif-
icant difference between the ratios for elongations less than 10°
and those at higher elongations, indicating a shift in the dominant
noise sources. The drastic variation at lower elongations suggests
the influence of coronal effects, while the stabilization at higher
elongations points to more consistent noise levels.

To investigate further, we focus on the narrowband DNoise2
values across multiple stations (Zc, Sh, Wd, Yg, Bd, Sv, Ho, and
Wz), grouped into four solar elongation ranges: < 7°, 10-20°,
20-30°, and > 30°. In the < 7° range, DNoise2 is highest, with
Zc reaching 71.82 mHz and most stations averaging 40-50 mHz.
In the 10-20° range, the values drop significantly, ranging from
4.22 mHz (Wz) to 9.98 mHz (Bd). A further decrease is observed
in the 20-30° range, with values between 2.89 mHz (Wd) and
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Figure 6. A comparison of the Doppler noise levels (DNoise0-top, DNoise2-bottom) at
different solar elongations. The sessions conducted at Ht were from 2015.07.05 (5.85°),
2015.08.01 (13.79°), 2015.08.30(22.93°) and 2015.10.13(44.41°).

9.25 mHz (Sv), indicating a more stable environment. At > 30°,
DNoise2 is consistently the lowest, ranging from 1.55 mHz (Wz)
to 3.46 mHz (Ho). This variation aligns with previous plasma stud-
ies (Molera Calvés et al. 2014; Kummamuru et al. 2023), which
show that phase residuals obtained from the digital Phase-Locked
Loop (dPLL) are higher at lower solar elongations, closer to the
Sun. These results confirm that narrowband Doppler noise is
strongly influenced by solar elongation, with coronal effects being
the dominant contributor at smaller elongation angles.

4.3 Plasma propagation noise

Solar plasma is a major source of propagation error that is added
to the Doppler data and forms an important part of formulating
the overall noise budget. We look at how the frequency stability of
the signal is affected at different solar offsets.

From the MEX campaign, sessions from Bd and Ht were
chosen to understand how solar elongation affects the Allan
deviation of plasma propagation noise. The two stations were
selected because they observed over a wider range of solar elon-
gations. These findings are crucial for understanding the limi-
tations and capabilities of our tracking systems under varying
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Table 4.Allan deviation for the plasma scintillation noise at Badary (Bd) and
Hartbeesthoek (Ht). The values are derived from individual station sessions
meeting the specified solar elongation criteria.

Station Solar elongation (degrees) Allan deviation (t = 10s)
Bd 80.56 2.78 x 10713
32.50 1.66 x 10712
23.28 2.54 x 10712
8.41 1.33 x 1074
Ht 90.4 3.751x 10713
43.28 1.041 x 10712
18.14 2.67 x 10712
5.56 8.4 x 10712

solar conditions. The Allan deviation of the plasma propagation
noise (Equation 6) for Badary and Hartbeesthoek is determined
at different solar elongations, as seen in Table 4. When the signal
propagation path nears the Sun’s corona, an increase in frequency
dispersion is anticipated, primarily from increased solar activity
and denser plasma medium. The effect of the solar corona dimin-
ishes beyond elongations of 15 degrees, which is reflected in the
noise levels that drop by nearly 10%. However, this remains consis-
tent as the solar elongation increases from 18.14 to 43.28 degrees.
Thus, confirming lesser propagation noise from solar plasma at
higher elongations.

4.4 Analysis of co-located stations

Co-located stations provide a unique opportunity to identify and
isolate instrumental effects. By comparing observations from co-
located antennas, we can evaluate the contributions of antenna
design, physical factors, and signal processing within the over-
all noise budget. The co-located telescopes are expected to
exhibit nearly identical propagation noise effects, as indicated by
their similar scintillation indices derived from the low-frequency
regions (< 1 Hz) in the phase power spectrum (Fig. 1). We look
to identify artifacts from individual telescope systems from these
sessions and see if they can be isolated.

The co-located station pairs at Wettzell in Germany and
Hobart in Australia are used for this study. To separate the phase
noise contributions from different sources, we used concurrent
sessions held at Wettzell (Wz & Wn) in 2015 and at Hobart (Ho &
Hb) in 2023.

In 2015, four MEX observation sessions were held at Wettzell
using the 20 m radio telescope (Wz) and one of the 13.2 m
twin radio telescopes (Wn). The phase power spectra of selected
sessions are given in Fig. 7. Sessions with smaller solar elonga-
tion exhibit an enhanced peak spectral density, leading to larger
frequency instability introduced by plasma propagation noise.
The session on 24 June 2015 showed a clear saturation of the
system noise band at higher frequencies, attributable to the obser-
vational’s path proximity to the solar corona. However, in the
following sessions, the system phase noise levels differ between
both stations, indicating a signature of their individual instrument
effects. The 24 June session was conducted during the solar con-
junction, causing the system noise band to be saturated by plasma
effects in the higher frequency regions. The system phase noise
values are nearly the same for both these sessions. The 23 July and
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06 August sessions, at solar elongations of 11.11° and 15.31° show
a difference in system phase noise of ~ 0.03 radians, with the 20 m
Wz exhibiting greater phase error. For the session on 9 September
(24.3 degrees), the noise band in the smaller Wn is found to be
higher. The elevated system noise levels for Wz compared to Wn
in the spectrum for the sessions on 23 July and 6 August suggest
mechanical and thermal noise dominating in the larger telescope.
The session on 9 September shows the smaller telescope having
a higher system phase noise, likely due to the antenna’s back-
end. This suggests that system noise is not dominated by a single
source.

The individual stations’ Doppler noise (DNoise2) is visualised
for these sessions to further support the previous results. As solar
elongation increases, DNoise2 changes from strong to partially
correlated. The correlation coefficient between the DNoise2 lev-
els between Wz and Wn on the 24 June 2015, session is 0.968
mHz, indicating a strong ordinal relationship between the anten-
nas (Fig. 8). This is likely a result of the session being close to solar
conjunction (2.83 degrees elongation), which leads to a domina-
tion of the solar propagation noise on both antennas. In contrast,
in the session on 06 August 2015 (Fig. 9), which is farther away
from the Sun with a solar elongation of 15.31 degrees, the correla-
tion coefficient is 0.65. This is where we start to see diminishing
noise levels from solar plasma, and the individual instrumental
noises dominate the Doppler noise. The RMS of the differential
signal shows the difference in levels of the two Wettzell antennas’
noise as 0.003 mHz. This is in agreement with the results presented
in Molera Calvés et al. (2016).

The use of co-located telescopes was replicated with Hb (12 m)
and Ho (26m) in 2023. The session was recorded in both VDIF and
in a different raw format using the ‘Ettus’ (Base 2020) which is an
alternate software-defined radio device for sampling and digitiza-
tion. Fig. 10 shows the power spectral densities of the Hb (VDIF),
Ho (VDIF) and Hb (Ettus) plotted together from the session on 6
February 2023. The Ettus is a different backend that receives the
signal from the Hb antenna with a spectrum that is similar to that
of DBBC. The propagation effects visible in the lower frequency
end are matched for all three systems. However, in the system
noise band at higher frequencies (past 0.1 Hz), an elevated power
is observed in Ho. The system phase noise of the Ettus device
is comparable to that of the Hb receiver. This could indicate the
domination of instrumental noises in the larger telescope.

The Doppler noise fluctuations for Ho and Hb across two
epochs are plotted in Figs. 11 and 12. The differential Doppler
has a similar RMS value of approximately 0.004 mHz, which is
in agreement with what we see with the Wettzell telescopes. The
11 May 2023, session shows distinct artifacts at the 400, 650, and
900 s for the Ho station. (Fig. 12). The power spectrum shows that
both antennas have identical propagation effects, which suggests
that these spikes in the Doppler noise are a feature native to the
Ho instrumentation.

The Doppler noise fluctuations of the spacecraft signal are
more dependent on the propagation effects than the radio fre-
quency and digital chain infrastructure. The Doppler noise is
weighted to the SNR of the signal, which is dependent on the RMS
of the noise level. The noise level is a feature intrinsic to the spec-
trum of the individual station. The RMS of the base noise level in
Ho was 107 dbM/Hz and for Hb was 10® dbM/Hz which could be
an explanation for the variations in the Doppler noise on the mHz
level.
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Figure 7. The phase power spectra of the MEX sessions held between 24 June 2015 and 3 September 2015 at the co-located stations of Wettzell 13.2 m (Wn) and Wettzell 20 m
(Wz). The solar elongations for the respective sessions are given in the brackets adjacent to the epoch.

4.5 Phase calibration

Phase calibration (PCal) links the theoretical aspects of system
performance and the practical challenges of achieving accurate
phase correction. The PCal signal, typically a known and stable fre-
quency tone, is injected into the signal path at the ground station
and serves as a reference to calibrate phase noise and delay intro-
duced by the receiver, cables, electronics, digitiser and recorder.
We employed a phase calibration (PCal) procedure during the
MEX observation campaign in 2014 and 2015 using telescopes
at Hartebeesthoek (15 m), Wettzell (20 m), Hobart (12 m), and
Yarragadee (12 m). The remaining stations either lacked a oper-
ational PCal system or were not enabled during observations. By
injecting a stable frequency tone into the signal path, the PCal sig-
nal is processed identically to the spacecraft tone, allowing for the
calibration of phase noise, phase scintillation, and system phase
noise. This calibration process helps identify phase errors caused
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by Doppler shifts and signal delays, ensuring more accurate and
reliable measurements.

We quantified the system phase noise level in the higher fre-
quency end of the post-PLL power spectrum for the PCal tone and
see how it varies with the PCal SNR level obtained after dPLL. A
lower SNR value can be indicative of a weaker narrowband signal
or a higher noise baseband value. Fig. 13 shows a general consis-
tency in showing that the system noise levels are higher for lower
SNR values. This is consistent with what was seen in the earlier
part of the section for the spacecraft signal.

The system phase noise RMS obtained from the higher fre-
quency band (> 1 Hz) of the power spectrum is compared for the
MEX signal and the PCal tone in Fig. 14. The PCal noise represents
the effect of additional factors from the antenna system, atmo-
sphere, and environment introduce phase errors into the MEX
signal. The average level of phase noise introduced from these
sources is about 0.011 radians and constitutes about 25-40% of the


https://doi.org/10.1017/pasa.2025.36

10
0.2
— Wn
- Wz
== Differential Dnoise2
0.1
N
I
E
P 0.0 Ty R il i L
©
<
3
[
g
a -01
-0.2

0 200 400 600 800 1000
Time (s)
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Figure 9. The Doppler noise (DNoise2) comparison between Wz and Wn from the ses-
sion held on 6 August 2015. The spacecraft is further away from the Sun with a solar
elongation of 15.31 degrees; hence, we start to see significant contributions from
instrumental noises and not the solar plasma propagation dominating. Thus, we don’t
see the same strong correlation as the previous session.

system phase noise level. Using the PCal as the system reference
control, we can minimise these additional phase errors for each
antenna. Thus improving the precision of orbit determination and
navigation.

5. Conclusions

Doppler spacecraft tracking is an important radiometric technique
used for the scientific investigation of the Solar System and precise
orbit determination of a spacecraft. Understanding the quanti-
tative effect of different noise sources is critical to understand
the method’s precision. This not only provides an understand-
ing of these systems’ performance but also aids in improving
the accuracy of radio science experiments and spacecraft astrom-
etry. The MEX observation campaign between 2013 and 2020
(Kummamuru et al. 2023) was conducted using Doppler tracking
with VLBI antennas, which provides an experimental platform to

https://doi.org/10.1017/pasa.2025.36 Published online by Cambridge University Press

P.K. Kummamuru et al.

106 Ve - :z (Ettus)
qu 10 ﬁ
i ’ IJ v WWWM
& e
g " ‘{IMH ‘n‘ |

o J H]ll }hnm"“'ll |er

10° 107 107" 10 10

Frequency (Hz)

1

Figure 10. The power spectral density comparison of the co-located Hobart 12 and 26
m telescopes. Towards the higher end of frequencies where system noise dominates,
a higher system phase noise level is observed at larger frequencies for Ho.

0.015 — Hb
—— Ho (Interpolated)

oot0 | 01 00 7 Differential Noise

0.005

0.000

-0.005

Doppler Noise (mHz)

-0.010

-0.015
0 200 400 600 800 1000

Time (seconds)

Figure 11. The Doppler noise fluctuation plot on 6 February 2023 for Hb and Ho with
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dotted line is the differential noise between both stations.
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Figure 12. The Doppler noise fluctuation plots from 11 May 2023, with peaks and
troughs marked, show intrinsic features of the Ho system between 300 and 1 000 s,
causing an elevated Doppler noise. This is distinctly visible in the differential noise plot.

study and characterise the noise sources affecting the spacecraft
carrier signal.

We determined the frequency stability of the thermal noise for
each station; the Allan deviations value range between 7.071 x
107 and 1.006 x 10713, which are comparable to the open-
loop Doppler data results presented by Bocanegra-Bahamon et al.
(2018). The results show how the thermal stability varies across
different antenna backends. The Allan deviation for the plasma
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propagation noise was calculated for the stations at Bd and Ht
across solar elongations between 5.56° and 90.4° with an Allan
deviation around 107'%. Increased instability closer to the con-
junction was noticed, attributable to the strong effects of the solar
corona near the Sun. The overall sensitivity is suitable for inter-
planetary plasma studies and orbit determination; however, to
make the experiment sensitive to precise studies like general rel-
ativity measurements, would need to be rescued the noise of each
principal component to 107! at 10 s (Iess et al. 2003).

The system phase noise levels from the post-PLL power spec-
trum were compared to the antenna’s sensitivities, which showed
a generally proportional relationship with improvement in SNR,
reducing the system phase noise to a certain degree. Thus, anten-
nas with higher sensitivity are not as critical for plasma studies as
they can be for radio occultation and planetary flyby experiments.

The Doppler noise analysis, examining variations with factors
such as antenna size, solar elongation, and elevation angle yielded
several important results. The impact of antenna size on wideband
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Doppler noise levels was evident, with the larger Sv (32 m) antenna
outperforming the smaller Ht (15 m) and Mh (14 m) anten-
nas (Fig. 4), achieving up to 15 times lower widebandd Doppler
noise levels. In contrast, the difference is less pronounced in nar-
rowband Doppler noise, where the dPLL’s precise narrowband
processing refines frequency detections. The analysis of Doppler
noise variation with elevation angle shows atmospheric effects
dominating at lower angles (Fig. 5). The analysis was conducted
for all sets of data that are individually affected by different path
effects and intrinsic, instrumental noises that are expected to be
dominant. While Doppler noise is generally higher at lower eleva-
tion angles, accurately isolating the atmospheric effects requires
using advanced mapping functions and empirical models like
the Vienna Mapping Function 3 and the Global Pressure and
Temperture 3 (VMF3 and GPT3) (Landskron & Bohm 2018).
Solar elongation emerged as a factor influencing both wideband
and narrowband Doppler noise. For the sessions at Ht and Zc,
both Doppler noise levels decreased with increasing solar elon-
gation, highlighting the sensitivity of Doppler noise to plasma
effects, which dominate at lower elongations. The overall findings
highlight the importance of optimizing observation parameters,
such as antenna size, solar elongation, and elevation angle, to
minimise Doppler noise.

Using co-located antennas allows for cross-examination of
individual instrumental noise contributions because they experi-
ence identical path effects. The Wettzell and Hobart sessions from
2015 and 2023 showed differences in system phase noise levels.
Fig. 7 shows that when the spacecraft is closer to solar conjunction,
the entire range of frequencies in the power spectrum is domi-
nated by the effects of the solar plasma. As the spacecraft moves
farther from the Sun, the system noise band for the telescopes
begins to vary, with smaller telescopes generally displaying higher
levels of system phase noise. However, exceptions occur with the
Wz (20 m) and Wn (13.2 m) telescopes. The Wz (20 m) telescope
tends to exhibit greater system phase noise at higher solar elon-
gations (>15 degrees) compared to Wn (13.2 m). This difference
could possibly be attributed to the upgraded VGOS signal chain in
Wnh, in contrast to Wz’s legacy S/X band receiver. The VGOS sys-
tem provides broadband capabilities over a wider frequency range
and uses fiber optics instead of coaxial cables, ensuring higher sta-
bility and reduced signal loss (Petrachenko et al. 2015; Nilsson,
Haas, & Varenius 2023). Another factor that could contribute to
phase noise is the wind load, influenced by the aperture’s cross-
sectional area, the surface drag coefficient, and wind pressure
during the observation session.

To examine specific telescope features, the Doppler noise lev-
els were compared between stations, with Hobart and Wettzell
exhibiting similar differential values of approximately 0.0035
mHz. This technique is valuable in distinguishing system noise
artifacts from an elevated propagation feature (like a coronal mass
ejection), as seen with the co-located Hobart telescopes from one
of our observed sessions on 11 May 2023.

The introduction of the phase calibration tone during a part
of the MEX campaign was useful to understand two things. The
first was to confirm the generally lower system phase noise levels
at higher SNR, as seen with the antennas. However, the margin
is significantly lower than expected, given the known frequency
stability of the PCal. The second part shows how the PCal can dis-
tinguish the inherent system noise from additional phase errors
introduced by instrumental or atmospheric factors to the MEX
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signal. The average level of system phase noise introduced by non-
backend sources is around 0.011 radians, comprising 25-40%.
Evaluating the quality of closed-loop Doppler data is impor-
tant for planning future radio science experiments and spacecraft
VLBI with recent missions like BepiColombo and JUICE using the
PRIDE technique. To this end, we presented the noise budget for
the long-term Doppler tracking of MEX while also detailing how
different observational scenarios affect the output of Doppler data.
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