
AI translation ・View original & related papers at
chinarxiv.org/items/chinaxiv-201711.01305

Postprint of Astrometric Calibration Experiment
for Saturn’s Major Satellites
Authors: Jinghan Pengl, Wang Na

Date: 2017-09-26T00:00:00+00:00

Abstract
In the precise positioning of Saturn’s major satellites observed with ground-
based telescopes, CCD imaging technology is currently widely employed. To
measure the positions of faint satellites in the field of view, 4 major satellites
(Tethys to Titan) are commonly used for calibration. Given technological ad-
vancements, CCD fields of view are gradually increasing, making it worthwhile
to investigate how to precisely calibrate images. An experimental study was con-
ducted using 105 CCD images with different orientations observed on January
20, 2010, with the 1 m telescope at Yunnan Observatory. Calculations were
performed using the JPL (Jet Propulsion Laboratory) ephemeris of Saturn’s
major satellites and the UCAC4 stellar catalog from the United States Naval
Observatory for calibration relative to different reference objects. The results
indicate that using 4 major satellites for calibration yields good measurement
accuracy and internal precision when measuring objects relatively close to the
satellites. When measuring satellites farther from the calibration stars, this
calibration method exhibits significant uncertainty. Using 6 major satellites
(Tethys to Iapetus) for calibration, the measurement results for all satellites
show better external and internal consistency. Nevertheless, the calibration re-
sults using both four-parameter and six-parameter models are unsatisfactory,
revealing that there are significant distortion effects in the CCD field of view.
If stars in the field of view are used for calibration, the external consistency
and internal precision of the satellites deteriorate significantly, indicating that
the UCAC4 stellar reference catalog is also not an ideal reference catalog for
calibration.
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Full Text
Study on Methods for Analyzing Satellite Navigation Sig-
nal Stability
Abstract

The analysis of Global Navigation Satellite System (GNSS) space signals is
a critical task during both system design and operation phases. This paper
first presents a space signal stability analysis method based on observations
from GNSS monitoring receivers. The feasibility of the method is then verified
through digital simulation experiments. Finally, using measured pseudorange
data from a BeiDou System (BDS) geostationary Earth orbit satellite as an
example, signal stability is evaluated from three aspects: original pseudorange
observations, pseudorange fitting residuals, and the standard deviation of pseu-
dorange fitting residuals. The experimental results further validate the feasi-
bility and effectiveness of the proposed method, which holds significance for
ensuring the continuity and reliability of satellite navigation signals.

Keywords: Global Navigation Satellite System (GNSS); signal quality analysis;
stability; pseudorange

1. Introduction

With the advancement of satellite navigation technology, major countries world-
wide have successively developed their own global navigation satellite systems,
including the U.S. Global Positioning System (GPS), Russia’s GLONASS, Eu-
rope’s Galileo, and China’s BeiDou System. The quality of GNSS space
signals directly affects positioning, navigation, and timing (PNT) performance
and serves as a crucial metric for evaluating system excellence. Moreover, signal
quality reflects the in-orbit status of satellite payloads and various electrical per-
formance parameters. Signal quality assessment technology provides essential
support for signal design, on-orbit testing, on-orbit monitoring, fault diagnosis,
and space signal integrity monitoring [1].

Given that GNSS space signal evaluation is vital during system design and
operation, it has attracted significant attention globally and become a research
hotspot in the satellite navigation field. Various GNSS systems have established
dedicated space signal quality monitoring and analysis systems. For instance,
GPS is monitored by the Stanford Research Institute using a large-aperture
parabolic antenna for continuous real-time observation of GPS space signals [2].
Galileo’s signal characteristics are analyzed by the European Space Research
and Technology Centre’s Navigation Laboratory, which employs an omnidi-
rectional antenna, standard measurement instruments, and test receivers [3].
China’s BeiDou System is supported by the National Time Service Center of
the Chinese Academy of Sciences, which has built a GNSS space signal analysis
platform using standard measurement instruments, offline data evaluation, and
monitoring receivers to assess signal quality for BeiDou and other GNSS signals
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[1,4]. Offline data analysis evaluates short-term satellite status through base-
band signal analysis [5] and long-term performance through monitoring receiver
measurements [6-7].

This paper focuses on analyzing satellite navigation signal stability based on
monitoring receiver observations.

2. Satellite Signal Composition

To understand the composition and characteristics of satellite navigation signals,
we briefly describe the signals transmitted by GNSS satellites. Structurally,
navigation satellite signals consist of three layers: ranging code, data code, and
carrier [8]. Before transmission, the data code is modulated with the rang-
ing code, and the resulting signal is then mixed with a sinusoidal carrier. At
the receiver terminal, the GNSS receiver outputs two fundamental observables:
pseudorange and carrier phase, based on the received satellite signals. Pseudo-
range derived from code measurements is called code-phase pseudorange, while
that from carrier phase measurements is called carrier-phase pseudorange.

The observation equations for pseudorange (P) and carrier phase (L) can be
expressed as:

𝑃 = 𝜌𝑠 + 𝑐(𝛿𝑡𝑟 − 𝛿𝑡𝑠) + 𝑇 + 𝐼 + 𝜀𝑃
𝐿 = 𝜌𝑠 + 𝑐(𝛿𝑡𝑟 − 𝛿𝑡𝑠) + 𝑇 − 𝐼 + 𝜆𝑁𝑠 + 𝜀𝐿

where 𝜌𝑠 represents the geometric distance from the satellite position at signal
transmission time to the receiver position at signal reception time; 𝑐 is the
speed of light in vacuum; 𝛿𝑡𝑟 and 𝛿𝑡𝑠 are receiver and satellite clock errors,
respectively; 𝑇 and 𝐼 are tropospheric and ionospheric refraction errors; 𝜆 is
the signal wavelength; 𝑁𝑠 is the integer ambiguity of carrier phase; and 𝜀𝑃 and
𝜀𝐿 represent pseudorange and carrier phase observation noise plus multipath
effects, respectively.

3. Signal Stability Analysis Method Based on GNSS Receivers

GNSS space signal stability is generally assessed by evaluating the stability of
pseudorange and carrier phase measurements from monitoring receivers. Sig-
nal stability is categorized as short-term (minutes, hours, or days) or long-term
(months or years). Short-term stability is primarily affected by receiver mo-
mentary loss-of-lock and receiver clock jumps, causing sudden jumps in carrier
phase and pseudorange observations that subsequently recover. Long-term sta-
bility mainly relates to satellite clock performance, such as frequency drift caus-
ing gradual changes in carrier phase and pseudorange measurements, reflecting
overall signal drift [9].

This section introduces the GNSS signal stability analysis method. To evaluate
the stability of carrier phase and pseudorange measurements, we analyze their
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curve fitting residuals. The process involves using a segment of carrier phase
or pseudorange measurements for polynomial fitting to obtain residuals. Based
on the least squares principle, polynomial fitting minimizes the sum of squared
differences between fitted and original data. For given observations (𝑥𝑖, 𝑦𝑖)
(𝑖 = 1, 2, ⋯ , 𝑚), we seek an 𝑛-th order polynomial 𝑓𝑛(𝑥) = ∑𝑛

𝑗=0 𝑎𝑗𝑥𝑗 that
minimizes the fitting error 𝑟𝑖 = 𝑓𝑛(𝑥𝑖) − 𝑦𝑖 (𝑖 = 1, 2, ⋯ , 𝑚). The resulting 𝑓𝑛(𝑥)
is called the least squares fitting polynomial, and 𝑟𝑖 are the fitting residuals.

For carrier phase and pseudorange observations, slow-varying errors such as
ionospheric and tropospheric refraction are largely eliminated through polyno-
mial fitting. Thus, the residuals effectively reflect observation stability. The
least squares fitting eliminates systematic errors while reducing random errors,
yielding reliable results. The magnitude of residuals indicates the quality of
polynomial fitting and is used to assess measurement stability.

The algorithm flowchart is shown in [Figure 2: see original paper]. The basic
steps are: 1. Read raw GNSS monitoring receiver observations, including carrier
phase and pseudorange values. 2. Plot carrier phase and pseudorange curves
to identify jumps in the data. 3. Extract continuous observation segments of a
certain duration for polynomial fitting to obtain residuals, ensuring minimal dif-
ference between original data and fitted curves. 4. Analyze observation stability
based on the variation range of polynomial fitting residuals.

4. Feasibility Verification

4.1 Polynomial Fitting Simulation The curves of raw pseudorange and
carrier phase observations over several days approximate sinusoidal or cosine
functions. For generality, we simulate pseudorange observations using a cosine
function with added Gaussian white noise. Cosine curves over one period (0 ~
2𝜋) are generated with added Gaussian white noise. Two segments are extracted:
0 ~ 0.6𝜋 and 0.7𝜋 ~ 1.3𝜋, both containing inflection points, for polynomial
fitting.

Table 1 lists the standard deviations of polynomial fitting residuals under differ-
ent Gaussian white noise levels. Even without added noise, the fitting residual
standard deviation 𝜎 is very small, indicating good agreement between polyno-
mial fitting results and original observations. Using the fitting residual standard
deviation of noise-free data as reference, Gaussian white noise with standard de-
viations of 0.020, 0.040, and 0.050 is added to the cosine function. The resulting
fitting residual standard deviations 𝜎 are very close or equal to the standard
deviations of the added Gaussian white noise, demonstrating that polynomial
fitting works well for noisy data. The remaining residuals generally represent
random noise components mixed in the original data.

Table 1 Standard deviation of polynomial fitting residuals
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Gaussian White Noise 0 ~ 0.6𝜋 Segment 0.7𝜋 ~ 1.3𝜋 Segment
𝜎 = 0.020 0.001 0.001
𝜎 = 0.040 0.002 0.002
𝜎 = 0.050 0.024 0.044

To visually demonstrate polynomial fitting results, comparisons between noisy
data curves and polynomial fitted curves are shown in [Figure 4: see original
paper]. Although fitting at curve inflection points is suboptimal, the overall fit-
ting residual is small, and the fitting residual standard deviation closely matches
the added Gaussian white noise standard deviation. This indicates that curve
inflection points have minimal impact on polynomial fitting effectiveness, and
the method remains valid.

4.2 Observation Anomaly Simulation Digital simulation is used to an-
alyze polynomial fitting performance under observation anomalies, including
data gaps caused by receiver loss-of-lock and data jumps caused by satellite
clock jumps. A one-period (0 ~ 2𝜋) noisy cosine curve is simulated as carrier
phase or pseudorange observations. Data missing points are set at 0.13𝜋 ~ 0.15𝜋,
and data jump points at 0.76𝜋. The data is divided into 10 segments at inter-
vals of 0.2𝜋 to calculate polynomial fitting residual standard deviations for each
segment under different noise conditions.

Table 2 shows the difference between fitting residual standard deviations and
their mean values under two anomaly conditions. Only results for Gaussian
white noise standard deviation of 0.050 are plotted. When observations are
missing or anomalous, polynomial fitting residual standard deviations increase
significantly, indicating that the polynomial fitting method fails when carrier
phase or pseudorange observations contain anomalies. Therefore, normal obser-
vation data must be selected for signal assessment.

Table 2 Statistics of polynomial fitting in presence of observational anomaly

Gaussian White
Noise

Standard Deviation
Mean Missing Data

Jump
Data

𝜎 = 0.020 0.048 0.176 0.205
𝜎 = 0.040 0.065 0.161 0.188
𝜎 = 0.050 0.074 0.154 0.184

5. Real Data Analysis

According to the signal stability assessment method, pseudorange measurements
from a BDS geostationary Earth orbit satellite over 24 hours are analyzed. The
monitoring receiver sampling interval is 30 seconds. [Figure 7: see original
paper] shows the original pseudorange observation curves and polynomial fitting
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residual curves. The pseudorange observation curve is smooth without data gaps
or jumps, and the polynomial fitting residual curve varies within a certain range
with absolute values less than 0.5 m.

The 24-hour period is divided into eight 3-hour segments. The 06:00 ~ 09:00
segment shows poorer fitting residual performance compared to other periods.
Table 3 presents the pseudorange fitting residual standard deviations and their
deviations from the mean for each segment. The 06:00 ~ 09:00 segment has
the largest standard deviation of 0.434 m, with a deviation of 0.183 m from
the mean. The segment with the smallest deviation is 12:00 ~ 15:00, with a
standard deviation of 0.218 m and deviation of -0.033 m.

Table 3 Statistics of pseudorange polynomial fitting residuals

Time Segment
Fitting Residual Standard
Deviation (m)

Deviation from Mean
(m)

00:00 ~ 03:00 0.193 -0.058
03:00 ~ 06:00 0.299 0.048
06:00 ~ 09:00 0.434 0.183
09:00 ~ 12:00 0.298 0.047
12:00 ~ 15:00 0.218 -0.033
15:00 ~ 18:00 0.203 -0.048
18:00 ~ 21:00 0.154 -0.097
21:00 ~ 24:00 0.212 -0.039

The larger residuals in the 06:00 ~ 09:00 segment occur because the pseudorange
observations fall near an inflection point of the curve, where polynomial fitting
is generally less effective than at other segments. However, this local fitting
issue does not affect the overall fitting result, making the polynomial fitting
results credible and usable. The mean standard deviation shows that the 06:00
~ 09:00 segment did not impact the overall fitting result. Compared with the
simulated anomaly results in Section 4, this segment’s fitting residual standard
deviation is much smaller than when pseudorange anomalies occur, indicating
that the larger residuals are due to segment division rather than signal stability
fluctuations.

To further analyze the statistical properties of residuals, the 06:00 ~ 09:00 and
15:00 ~ 18:00 segments are compared. Theoretically, pseudorange fitting resid-
uals should follow a zero-mean Gaussian distribution. However, satellite signal
propagation through the troposphere and ionosphere affects the overall variance
and mean. Table 4 provides the statistical parameters for these two segments.

Table 4 Statistical parameters of pseudorange polynomial fitting residuals
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Time Segment Sample Size Standard Deviation (m) Mean (m)
06:00 ~ 09:00 361 0.040 0.189
15:00 ~ 18:00 361 0.021 0.041

A 95% confidence interval for the difference between the two population means
is estimated as [-0.358, 0.237]. Since this interval includes zero, there is no
significant difference between the means of the two segments’pseudorange fitting
residuals. The probability distributions are shown in [Figure 8: see original
paper].

6. Conclusion

Based on the least squares fitting principle, this study evaluates the stability of
GNSS space signals by analyzing carrier phase and pseudorange measurements
from monitoring receivers. Digital simulation results demonstrate that while
polynomial fitting is less effective at curve inflection points, it does not affect
the overall fitting result. However, when carrier phase or pseudorange observa-
tions contain anomalies due to receiver loss-of-lock or satellite clock jumps, the
polynomial fitting method becomes invalid, necessitating the selection of normal
observation data for analysis.

The evaluation of real BDS geostationary satellite pseudorange data confirms
that the satellite’s transmitted signals remain stable over 24 hours. Since poly-
nomial fitting has certain limitations that may affect signal assessment results,
improving the fitting method represents a future research priority. Additionally,
developing methods for long-term stability assessment based on satellite signal
trends is another important research direction.
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