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Table 1 Arcs of deep space stations tracking Tianwen-1
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Figure 5 Calculation results of system errors of ranging data
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Table 2 Earth downlink communication performance of Tianwen-1
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Figure 7 Variation of downlink signal
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Figure 8 Frame error rate in telemetry data of Tianwen-1
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Impact of intense solar activity on the tracking, telemetry, and
command (TT&C) of Tianwen-1
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As the largest-scale critical link in the space weather causal chain, the vast interplanetary space remains one of the least
continuously monitored regions in the solar system with high spatiotemporal resolution. This study focuses on the intense
solar eruption events of 2024, particularly those originating from Active Region 3664 (AR3664) (May 8-28, 2024), to
systematically analyze the multidimensional impact mechanisms of extreme space weather on deep-space telemetry,
tracking, and command (TT&C) communication links. Leveraging telemetry and tracking data from China’s Tianwen-1
Mars probe, we investigate the effects of coronal mass ejections (CMEs) during their propagation through interplanetary
space, including signal delay, phase perturbations, and data packet loss. The findings provide critical scientific insights for
enhancing the anti-interference design of TT&C systems and constructing fault-tolerant communication mechanisms for
future deep-space exploration missions.

During the peak of the 25th solar cycle, especially during the AR3664 active period, we conducted a comprehensive
analysis of the disturbances caused by interplanetary coronal mass ejections (ICMEs) on the Tianwen-1 deep-space TT&C
link. The key conclusions are as follows: (1) Observation and Analysis of Plasma Disturbances. Under sparse observation
conditions, the Doppler velocity measurements from Tianwen-1 failed to capture the phase scintillation phenomena
associated with shock front crossings due to the stringent spatiotemporal matching requirements imposed by ICMEs. The
current velocity measurement precision (0.1 mm/s, 1 s integration time) was insufficient to resolve all the dynamic features
of these disturbances. However, discrete plasma structures in interplanetary space introduced a ranging system error of
approximately 40 meters. Despite these challenges, China’s deep-space antennas demonstrated robust high-dynamic
tracking capabilities and adaptive signal processing techniques, effectively mitigating plasma-induced noise and ensuring
the stability of the TT&C link. (2) Verification of Communication Link Reliability. Analysis of Tianwen-1 telemetry data
revealed that the frame error rate (FER) remained below 4.17x10~* throughout the CME event, validating the reliability of
the communication link under extreme solar activity conditions. This empirical evidence underscores the resilience of the
existing TT&C architecture in maintaining data integrity despite severe space weather disturbances.

The study highlights two major contributions. (1) Mechanistic Understanding: by quantifying the effects of ICMEs on
deep-space communication signals, we elucidate the relationship between solar wind plasma structures and TT&C
performance degradation. This is particularly relevant for missions operating in high solar activity environments. (2)
Operational Validation: the successful operation of Tianwen-1 during the AR3664 eruptions demonstrates the effectiveness
of current mitigation strategies, including high-precision tracking and adaptive signal processing. These results provide a
benchmark for future mission designs.

Given the increasing frequency of extreme space weather events during solar maxima, future deep-space missions must
incorporate enhanced real-time monitoring and adaptive correction algorithms to further improve TT&C robustness.

In summary, this study advances our understanding of CME-induced disruptions in deep-space communication systems
and offers actionable recommendations for safeguarding future missions against space weather hazards. The Tianwen-1
dataset serves as a valuable resource for validating theoretical models and optimizing next-generation TT&C technologies.

intense solar activity, Tianwen-1, interplanetary scintillation, plasma delay, telemetry, tracking, and command
(TT&C)
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