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Abstract
Long-term monitoring of solar radio radiation flux using ground-based telescopes
is an important method for space weather forecasting to predict various distur-
bances on Earth caused by solar activity. Two new three-band (10.7 cm, 6.6
cm, and 3.3 cm) solar radio telescopes at Mingantu and Taxkorgan will serve
China’s space weather monitoring and forecasting. The system structure and
design characteristics, as well as the dual-noise-source calibration method, are
introduced. The system stability is better than 1% (10 hours), and the sensitiv-
ity is better than 1 s.f.u. Preliminary results from the 2017 trial observations
of the Mingantu Solar Radio Telescope are presented.
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Abstract

Laser ranging predictions for non-cooperative targets are typically extrapolated
from Two-Line Element sets (TLE) and often exhibit significant deviations that
substantially impact laser ranging success rates. Based on orbital theory for
space targets and analysis of actual measurement data, we identify that pre-
diction errors primarily stem from discrepancies between the mean anomaly of
the space target in its orbit as extrapolated by the prediction model and the
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actual mean anomaly. By utilizing the miss distance of non-cooperative targets
within the telescope’s tracking field of view, relevant algorithms can determine
an optimal time element deviation to correct the target’s mean anomaly. After
correction, the apparent position deviation of the space target is significantly
improved, with distance deviations reduced from several hundred meters to tens
of meters. This enhancement improves the accuracy of expected echo arrival
times, enabling higher-precision distance gating for single-photon detectors and
increasing ranging success rates.

Keywords: real-time correction; time element deviation; non-cooperative tar-
get; orbit prediction

Laser ranging technology is a comprehensive discipline encompassing laser
physics, electronics, astronomical measurement, and satellite orbit calculation.
The actual operation is a highly complex process influenced by multiple
factors including target characteristics, telescope pointing errors, distance, and
receiver aperture size. Among these factors, the accuracy and stability of space
target orbit predictions directly affect whether the laser pulses emitted by
the ranging telescope can continuously reach the target surface and whether
the single-photon detector at the receiver can promptly detect echo photons,
thereby significantly impacting laser ranging success rates.

Satellite laser ranging systems widely employ range gating technology—a form
of temporal filtering that effectively prevents noise interference. This technique
involves sending an opening pulse to the single-photon detector just before the
expected echo arrival time, minimizing the probability of noise interference and
making it possible to detect single photons that would otherwise be drowned
out by numerous noise sources [?].

Laser ranging predictions for non-cooperative targets loaded into tracking tele-
scopes are generally extrapolated from Two-Line Element (TLE) sets using the
Simplified General Perturbations Version 4 (SGP4) orbit propagator [?]. These
predictions often exhibit substantial deviations during target tracking, primar-
ily manifesting as position errors in the telescope’s field of view and distance
errors between the station and the target. Excessive apparent position devia-
tion prevents laser pulses from hitting the target, while large predicted distance
deviations between the station and target cause significant mismatches between
expected and actual echo arrival times, resulting in the single-photon detector’
s range gate failing to capture echo photons.

The real-time correction method for non-cooperative target laser ranging predic-
tions proposed in this paper operates as follows: First, the original TLE-based
prediction is used to track visible non-cooperative targets for several minutes
to obtain miss distance data in the telescope’s tracking field of view. Based
on this information, the time element deviation is solved, and the orbit predic-
tion is corrected using this deviation before being reloaded into the telescope to
continue tracking the target. Laser ranging satellites (such as Ajisai, Beacon-
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C, Starlette, Stella, etc.) have both TLE and CPF (Consolidated Prediction
Format) predictions. Reference [?] compared CPF ephemerides for medium-low
orbit satellites with precise orbits determined from global laser tracking station
observations, showing CPF ephemeris accuracy within the meter level. Refer-
ence [?] analyzed that when using the SGP4 model for near-Earth objects, orbit
determination accuracy is at the hundred-meter level. To exclude the influence
of telescope pointing errors and other ranging system errors and theoretically
prove the effectiveness of this method, this paper treats medium-low orbit laser
ranging satellites as non-cooperative targets for research and analysis, using the
CPF predictions of visible laser satellites during a certain period as reference val-
ues (i.e., simulated observations). The target’s miss distance is represented by
the azimuth and elevation angle deviations between TLE predictions and CPF
predictions at the same epoch, followed by time element deviation calculation
and orbit prediction correction.

1.1 Time System Conversion

Coordinated Universal Time (UTC) is a corrected atomic time system used as
the input and output time parameter for space target states and observation
data. Greenwich Sidereal Time (GST) 𝜃𝐺 is a key parameter for coordinate
system conversion, thus requiring calculation of 𝜃𝐺 from UTC, as detailed in
Reference [?].

1.2 Conversion Between TEME and Station Local Coordinate Sys-
tems

Position information for space targets extrapolated by prediction models is ex-
pressed in the True Equator Mean Equinox (TEME) coordinate system, while
laser ranging telescopes use orbit predictions expressed in the station local coor-
dinate system. Therefore, conversion from TEME to station local coordinates
is necessary, as illustrated in [Figure 1: see original paper].

The transformation involves several steps. First, the rotation matrix 𝑅𝑧(𝜃𝐺) is
defined as:

𝑅𝑧(𝜃𝐺) = ⎛⎜
⎝

cos 𝜃𝐺 − sin 𝜃𝐺 0
sin 𝜃𝐺 cos 𝜃𝐺 0

0 0 1
⎞⎟
⎠

(1)

where 𝑅⃗ is the position vector of the space target in the TEME coordinate
system, 𝑅𝑧(𝜃𝐺) is the transformation matrix, 𝜃𝐺 is Greenwich Sidereal Time, ⃗𝑟 is
the position vector of the space target in the Earth-fixed coordinate system, ⃗𝜌 is
the position vector in the station local coordinate system, and ⃗𝑟𝑠𝑡𝑎 is the position
vector of the laser ranging telescope in the Earth-fixed coordinate system. The
complete transformation matrix (𝑀𝐿𝑇 ) is given by:
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(𝑀𝐿𝑇 ) = 𝑅𝑥(−𝜙)𝑅𝑧(𝜆 + 𝜃𝐺) (2)

where

𝑅𝑥(−𝜙) = ⎛⎜
⎝

1 0 0
0 cos𝜙 sin𝜙
0 − sin𝜙 cos𝜙

⎞⎟
⎠

(3)

and

𝑅𝑧(𝜆 + 𝜃𝐺) = ⎛⎜
⎝

cos(𝜆 + 𝜃𝐺) − sin(𝜆 + 𝜃𝐺) 0
sin(𝜆 + 𝜃𝐺) cos(𝜆 + 𝜃𝐺) 0

0 0 1
⎞⎟
⎠

(4)

Here, 𝜙 and 𝜆 represent the latitude and longitude of the laser ranging telescope
station, with 𝑅𝑥(−𝜙) and 𝑅𝑧(𝜆 + 𝜃𝐺) being transformation matrices.

1.3 Aberration Correction

For laser ranging of medium-low orbit space targets, the distance between the
station and target often reaches several thousand kilometers. During the laser
pulse’s uplink and downlink propagation, the space target moves significantly
relative to the station. Therefore, laser ranging typically uses the emission
epoch to generate tracking files, meaning the telescope’s real-time pointing
includes a lead amount. For this application, due to downlink aberration, the
target’s visibility corresponds to a lagged prediction, using the laser reception
direction as the simulated observation value. The CPF prediction’s lead amount
algorithm is as follows:

For a given epoch 𝑇 , let the position vectors of the space target and station in the
Earth-fixed coordinate system be ⃗𝑟(𝑋, 𝑌 , 𝑍) and ⃗𝑟𝑠𝑡𝑎(𝑋0, 𝑌0, 𝑍0), respectively.
The relative distance between station and target is 𝐷 = | ⃗𝑟 − ⃗𝑟𝑠𝑡𝑎|. Without
considering aberration, the laser pulse emission direction corresponds to the
target’s predicted position at epoch 𝑇 . The uplink propagation time is 𝑇𝑜𝑢𝑡 =
𝐷/𝑐, where 𝑐 is the speed of light, and the target’s position vector in the station
local coordinate system is ⃗𝜌(𝜌𝑥, 𝜌𝑦, 𝜌𝑧). When accounting for aberration, the
laser pulse emission direction corresponds to the target’s predicted position at
epoch 𝑇𝐵 = 𝑇 +𝑇𝑜𝑢𝑡. The target’s position vector in the station local coordinate
system is ⃗𝜌𝐵(𝜌𝐵𝑥, 𝜌𝐵𝑦, 𝜌𝐵𝑧). Special attention must be paid to the fact that
the Earth-fixed coordinate system is a rotating frame, requiring appropriate
corrections in calculations.

This yields the uplink aberration-induced lead amount for laser emission:

𝑑𝐴 = 𝐴 − 𝐴𝐵 = tan−1 (− 𝜌𝑦
𝜌𝑥

) − tan−1 (− 𝜌𝐵𝑦
𝜌𝐵𝑥

) (5)
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𝑑𝐸 = 𝐸 − 𝐸𝐵 = tan−1 𝜌𝑧

√𝜌2𝑥 + 𝜌2𝑦
− tan−1 𝜌𝐵𝑧

√𝜌2
𝐵𝑥 + 𝜌2

𝐵𝑦
(6)

For the downlink aberration-induced lag amount in laser reception, geometric
considerations show it is also 𝑑𝐴, 𝑑𝐸.

2.1 Theoretical Formulation

The orbital diagram of a space target in elliptical motion around Earth is shown
in [Figure 2: see original paper]. The shaded area represents the fundamental
plane (XY plane) of the geocentric celestial coordinate system O-XYZ, which
approximates the J2000.0 mean equatorial plane, with the X-axis pointing near
the J2000.0 mean equinox and the Z-axis pointing toward Earth’s north pole.
Here, 𝑟 is the orbital radius of the space target, ℎ⃗ is the normal vector of the
orbital plane, ⃗𝑁 is the vector through the orbit’s ascending node, and ⃗𝑒 is the
vector through the orbit’s perigee. Ω is the longitude of the ascending node
measured from the X-axis direction, 𝑖 is the inclination between the orbital
plane and fundamental plane, 𝜔 is the argument of perigee, and 𝜃 is the polar
coordinate variable. The orbital polar equation is:

𝑟(𝑡) = 𝑎(1 − 𝑒2)
1 + 𝑒 cos(𝜃 − 𝜔) (7)

where 𝑎 is the semi-major axis and 𝑒 is the eccentricity. Both the argument of
perigee 𝜔 and the polar coordinate variable 𝜃 are measured from the ascending
node direction. Under perturbation, the elliptical orbit changes with time, and
the ascending node direction also varies. The argument of perigee 𝜔 should be
measured from this changing ascending node direction, while the polar coordi-
nate variable 𝜃 remains measured from a defined invariant direction.

The mean anomaly 𝑀 is defined as:

𝑀 = 𝑛(𝑡 − 𝜏) (8)

measured from perigee, where 𝑛 is the mean motion angular velocity. The mean
anomaly of a space target is a time-dependent parameter that determines the
target’s position on the elliptical orbit within the orbital plane at a given epoch.
When 𝑡 = 𝜏 , 𝑀 = 0, and correspondingly, the space target is at perigee where
𝑟 reaches its minimum value, making 𝜏 the epoch of perigee passage.

Space targets experience various perturbing forces during orbital operation, in-
cluding Earth’s non-spherical gravitational effects, lunar and solar gravitational
forces, atmospheric drag, and solar radiation pressure. For medium-low orbit
space targets, atmospheric drag effects are particularly significant. Two-Line
Elements account for long-term and periodic perturbation effects from Earth’
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s non-spherical gravity and lunar-solar gravitational forces, as well as gravita-
tional resonance and orbital decay from atmospheric drag models. TLEs are
“mean”elements that remove periodic perturbation terms using specific meth-
ods, with the SGP4 prediction model reconstructing these periodic terms using
the same approach [?]. During observations, space targets often exhibit signifi-
cant deviations from the telescope’s pointing center in the along-track direction,
appearing either ahead of or behind the predicted position. The primary cause
is that the SGP4 model’s atmospheric model is simplified to a single drag pa-
rameter 𝐵∗, and the along-track deviation can be simplified and attributed to
time element 𝜏 deviation.

If the value of 𝜏 is appropriately adjusted during target tracking, the offset
between the space target and telescope pointing center can be reduced, the
distance between the target and station can be corrected, and tracking stability
can be improved.

The algorithm for solving the time element 𝜏 deviation is as follows. Let the
azimuth of the space target in the station local coordinate system be 𝐴, the
elevation angle be 𝐸, and the distance from the station be 𝑠. The measured
sequence is denoted as (𝑡𝑖, 𝐴𝑖, 𝐸𝑖, 𝑠𝑖), where 𝑖 = 1, 2, 3, … , 𝑛. When calculat-
ing predictions, the value of 𝜏 is appropriately adjusted by replacing 𝜏 with
𝜏 + Δ𝜏 , where Δ𝜏 is the adjustment amount. This means using the posi-
tion vector 𝑅⃗𝑖(𝑋𝑖, 𝑌𝑖, 𝑍𝑖, 𝑡𝑖 + Δ𝜏) in the TEME coordinate system instead of
𝑅⃗𝑖(𝑋𝑖, 𝑌𝑖, 𝑍𝑖, 𝑡𝑖):

⃗𝑟(𝑡) = 𝑅𝑧(𝜃𝐺(𝑡))𝑅⃗(𝑡 + Δ𝜏), ⃗𝜌(𝑡) = (𝑀𝐿𝑇 )[ ⃗𝑟(𝑡) − ⃗𝑟𝑠𝑡𝑎]

This yields the predicted sequence (𝑡𝑖, 𝐴′
𝑖, 𝐸′

𝑖 , 𝑠′
𝑖) for 𝑖 = 1, 2, 3, … , 𝑛. Let Δ𝐴𝑖 =

𝐴′
𝑖 − 𝐴𝑖 and Δ𝐸𝑖 = 𝐸′

𝑖 − 𝐸𝑖. When the following quantity reaches its minimum
value over the tracking period:

𝑅𝑀𝑆∗ = √∑(Δ𝐴𝑖 cos𝐸𝑖)2 + ∑ Δ𝐸2
𝑖

the corresponding Δ𝜏 is the time element deviation of the prediction. This is
a complex nonlinear problem that is difficult to solve directly. However, since
the time element deviation only needs to be accurate to the millisecond level, a
simple and direct approach is to perform a search within a certain range.

When the pointing information of the space target is corrected, the distance
information is correspondingly corrected, thereby improving the precision of the
single-photon detector’s range gate and increasing the probability of receiving
echo photons.

2.2 Case Study

Laser ranging satellites such as Ajisai, Beacon-C, Starlette, and Stella are in
near-Earth orbits with orbital heights similar to most non-cooperative targets
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and experience similar space environments, making them excellent proxies for
studying non-cooperative targets that only have TLE predictions.

This paper analyzes the transit of the Stella laser ranging satellite. Stella has
an orbital altitude of 792.3–803.1 km, placing it in the dense region of non-
cooperative targets. When performing laser ranging on space targets, the dis-
tance between station and target often exceeds a thousand kilometers. During
the laser pulse’s uplink and downlink propagation, the space target moves sig-
nificantly relative to the station. The pointing lag amount is shown in [Figure 3:
see original paper], where the horizontal axis represents seconds of the day and
the vertical axes represent azimuth and elevation deviations. The lag amount
fluctuates considerably, reaching up to several tens of arcseconds at its peak—a
non-negligible factor when solving for time element deviation.

[Figure 4: see original paper] displays the time element deviation search results
for Stella using tracking data from the first 1, 2, 3 minutes and the entire pass
segment. The horizontal axis represents the time element deviation Δ𝜏 , while
the vertical axis shows the corresponding 𝑅𝑀𝑆∗. The search range for the
time element is [−100, 200] ms. As shown in the figure, whether using data
from the first 1, 2, 3 minutes or the entire pass segment, each search yields
a minimum value corresponding to time element deviations of 26 ms, 27 ms,
29 ms, and 32 ms, respectively, with no significant differences. For other laser
ranging satellites, the time element deviation results based on different tracking
durations are shown in .

**** The time element deviations of some Laser Ranging Satellites by using
different duration of the tracking data.

Satellite

Orbital
Altitude
(km)

Pass
Dura-
tion

First
Minute
(ms)

First Two
Minutes
(ms)

First Three
Minutes
(ms)

Full
Pass
(ms)

Ajisai 1479×1497 12min20s - - - -
Beacon-
C

928.6×1305 8min30s - - - -

Starlette805.5×1107 6min9s - - - -

Table 1 demonstrates that for these three laser ranging satellites during their
visible pass periods, the time element deviations solved using the first 1, 2, 3
minutes and the entire pass segment show no significant differences. According
to the principle of searching for time element deviation, longer tracking data
segments yield more precise solutions, with the full pass segment theoretically
providing the most accurate result. Considering the short pass durations of
medium-low orbit targets, using the first minute of data to solve the time element
deviation is ideal for application across the entire pass.

[Figure 5: see original paper] shows the deviations in elevation angle (a) and
azimuth angle (b) between Stella’s orbit prediction corrected with different
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time element deviations (0 ms uncorrected, 26 ms, 27 ms, 29 ms, 32 ms) and
the reference orbit.

[Figure 6: see original paper] illustrates the deviation amounts of Stella’s orbit
prediction corrected with 0 ms (uncorrected) and 26 ms (first minute) compared
with the reference orbit, plotted with Δ𝐴 cos𝐸 on the horizontal axis and Δ𝐸
on the vertical axis.

After correction, the apparent position deviation of laser satellite Stella is signif-
icantly reduced, with minimal fluctuation amplitude. In Figure 5: see original
paper, the solid line represents the residuals between the azimuth angle in Stella’
s original TLE prediction and CPF reference values as a function of observation
time, while the dashed lines below represent residuals between azimuth angles
from TLE predictions corrected with 26 ms, 27 ms, 29 ms, and 32 ms and CPF
reference values. Similarly, in Figure 5: see original paper, the solid line shows
residuals between elevation angles in the original TLE prediction and CPF ref-
erence values, while the middle dashed lines represent residuals from predictions
corrected with the aforementioned time element deviations.

[Figure 6: see original paper] plots Δ𝐴 cos𝐸 versus Δ𝐸 for the entire tracking
pass using corrections of 0 ms (uncorrected) and 26 ms (first minute). The
results comprehensively demonstrate that after TLE prediction correction using
time element deviation, the apparent position deviation is significantly reduced,
fluctuating within a small range around a fixed value on the order of several
arcseconds.

**** The mean value of the deviations of some Laser Ranging Satellites’corrected
orbit predictions in azimuth angle and elevation angle and corresponding 𝑅𝑀𝑆∗.

SatelliteΔ𝐴0 cos𝐸0 Δ𝐸0 Δ𝐴1 cos𝐸1 Δ𝐸1 Δ𝐴2 cos𝐸2 Δ𝐸2

Ajisai - - - - - -
Beacon-
C

- - - - - -

Starlette- - - - - -
Stella - - - - - -

Table 2 presents the mean deviations and corresponding position deviation
𝑅𝑀𝑆∗ in azimuth and elevation angles between TLE predictions (uncorrected
and corrected using time element deviations solved from the first minute and full
pass) and CPF reference orbits for four near-Earth laser satellites. Δ𝐴0 cos𝐸0
and Δ𝐸0 represent the mean deviations between original TLE predictions and
the reference orbit across the entire pass. Δ𝐴1 cos𝐸1, Δ𝐸1, Δ𝐴2 cos𝐸2, and
Δ𝐸2 represent mean deviations after correction using time element deviations
solved from the first minute and full pass, respectively. The results show that
the latter two 𝑅𝑀𝑆∗ values are smaller than those of the original TLE predic-
tions, indicating they are closer to the actual trajectory. The mean deviations
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in azimuth and elevation are also very similar, further demonstrating that the
time element deviation solved from the first minute of tracking data can replace
that from the full pass for orbit prediction correction.

[Figure 6: see original paper] shows the distance deviation between Stella’s
predicted range and reference values after correction with different time element
deviations (26 ms, 27 ms, 29 ms, 32 ms). The distance deviation is reduced from
over 200 meters to several tens of meters, with more stable variation range.

**** The mean value of the deviations of some Laser Ranging Satellites’corrected
orbit prediction in range and corresponding RMS.

Satellite 𝐷̄0 𝑅𝑀𝑆0 𝐷̄1 𝑅𝑀𝑆1 𝐷̄2 𝑅𝑀𝑆2

Ajisai - - - - - -
Beacon-
C

- - - - - -

Starlette - - - - - -
Stella - - - - - -

Table 3 presents the mean deviations 𝐷̄0, 𝐷̄1, 𝐷̄2 and corresponding RMS values
(𝑅𝑀𝑆0, 𝑅𝑀𝑆1, 𝑅𝑀𝑆2) for four near-Earth laser satellites’orbit predictions
(uncorrected and corrected using time element deviations from the first minute
and full pass) compared to CPF reference orbits. The mean range deviation is
reduced from hundreds of meters to tens of meters or even several meters, with
the RMS value decreasing by an order of magnitude, indicating significantly
enhanced deviation stability. These results demonstrate that correcting TLE
predictions based on time element deviation can improve the precision of single-
photon detector range gating.

This paper introduces a real-time correction method for non-cooperative target
laser ranging predictions. During the time element deviation search process, the
Δ𝜏 value that minimizes 𝑅𝑀𝑆∗ is adopted as the time element deviation for
correcting the space target’s TLE prediction. Time element deviations searched
using different tracking data durations show no significant differences, and the
deviation solved from the first minute of data can be applied to the entire pass.
The corrected TLE predictions are closer to the actual trajectory of space tar-
gets, with predicted distance deviations reduced from hundreds of meters to
tens of meters or even several meters, enabling higher-precision range gating
for single-photon detectors. The apparent position and predicted distance devi-
ations of several space targets selected in this study are significantly improved
after correction using this method.
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