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Abstract - Dust activity is a dominant driver of Martian weather and a persistent operational risk for surface missions.
Reliable early detection at low altitude remains scarce because most observations are from orbit or from sparse surface masts.
This paper develops a Mars-analog framework that uses autonomous aerial “beacons” carrying multi-modal dust sensors,
local machine learning for classification, and chip-scale quantum-disciplined clocks for precise time stamping. A lightweight
blockchain ledger provides tamper-evident provenance and event ordering for delay-tolerant communications. Conceptual
evaluations in terrestrial analogs indicate improved detection accuracy, reduced false alarms, and shorter alert latency
relative to static mast baselines, while meeting rotorcraft power and mass constraints. The security and autonomy stack draws
on Al-plus-blockchain approaches for aerial swarms and surveillance, and the timing concept is grounded in compact
quantum technologies that enable resilient synchronization in navigation-denied settings. The architecture complements
orbiter weather mapping and rover meteorology and can transfer to Earth environments where satellite navigation and
networks are degraded.
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1. Introduction

Dust lifting and storm evolution on Mars involve processes that start within the planetary boundary layer and quickly
influence regional circulation. Orbital imaging provides indispensable synoptic context, but the earliest signatures of dust lift
often occur near the surface at scales of tens to hundreds of meters. Static surface masts sample only a few points, and orbiter
passes are intermittent. Aerial assets that patrol at low altitude can provide a missing layer of coverage between these
modalities, delivering rapid, localized confirmations of dust lift, dust devil passages, and advancing fronts. The operational
value is twofold: near-term safety and power management for surface assets and longer-term science through denser statistics
on dust initiation and transport.

Reliable early detection requires three capabilities. First, sensors must capture distinct physical cues of lift and transport.
Second, detections from multiple platforms must be fused with confidence despite intermittent links. Third, events must be
recorded with ordering guarantees and traceable provenance. The architecture presented here addresses these needs by fusing
acoustic, micro barometric, and optical scattering channels on an autonomous aerial beacon; by time-stamping and
synchronizing with chip-scale atomic clocks; and by securing the alert pipeline with an energy-aware, lightweight blockchain
client inspired by prior Al-and-blockchain frameworks for autonomous drones and surveillance [1], [3], [4]. The quantum-
disciplined timing concept aligns with compact quantum technology roadmaps for resilient timing and synchronization [2].

2. Related Foundations and Rationale

Secure autonomy literature motivates the ledger component. Frameworks that blend Al with blockchain have been
proposed to harden autonomous drone swarms, provide device identity, verify data integrity, and support audit trails across
contested networks [1], [3]. Similar ideas have been explored in surveillance to ensure that video or sensor streams are
authentic and tamper-evident from edge to archive [4]. In the Mars analog considered here, authenticated, time-ordered alerts
enable post-hoc reconciliation of partial observations and scientific audits without centralized continuous links.

Quantum and quantum-inspired timing technologies inform the clock discipline. Chip-scale atomic clocks and related
compact timing modules maintain low drift at low power, enabling consistent time bases across platforms that cannot
continuously synchronize to satellites or beacons. While [2] is a general reference for quantum computing principles and
applications, it provides a useful primer on quantum-enabled devices and the broader engineering motivations for compact,
high-stability components that can operate at the edge. Bringing these strands together suggests that a mobile sensing swarm,
with quantum-disciplined clocks and a tamper-evident alert ledger, is well matched to early dust-storm detection where
communications are intermittent and decisions are time sensitive.
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3. System Architecture

The proposed system comprises autonomous rotorcraft-class beacons, an edge compute module with a compact classifier,
a chip-scale atomic clock, radios for mesh and relay communication, and a ledger client for event logging. A lander or base
station serves as an edge hub for periodic model updates and fleet management. An orbiter-relay surrogate is used in analog
testing for downlink scheduling and to emulate intermittent passes.

Fig. 1. High-Level System Architecture: Aerial beacons use a CSAC-timed
sensing and comms stack; detections are fused at edge and relayed via orbiter.
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Figure 1. High-Level Architecture

Major elements include: (i) an aerial platform designed for thin-atmosphere operations; (ii) a sensing payload with
microphone, microbarometer, and optical scattering module; (iii) a timing module that provides sub-millisecond time stamps
over mission durations; (iv) a radio stack for short authenticated alerts and longer opportunistic transfers; and (v) a blockchain
client configured for low-bandwidth, delay-tolerant networks. The ledger stores signed event headers and minimal metadata to
constrain energy cost while preserving provenance [1], [3], [4].

Concept of Operations. Patrol segments continuously update ambient baselines. A detection cycle proceeds through five
stages: TO patrol, T1 multi-modal detection, T2 local classification, T3 time-stamped alert, and T4 ledger consensus.

Fig. 2. Concept of Operations: From patrol to networked, time-disciplined alerts.
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Figure 2. Concept of Operations

Class labels and confidences are fused over brief coincidence windows between neighboring beacons. When a relay is
available, summary alerts and short raw buffers are downlinked. The downlink stream is thus a series of authenticated
detections with precise timing and sufficient context for later analysis.

4. Sensing and Edge Algorithms

Acoustic channel. Grain impacts and turbulent gusts create signatures in the audible band. A wideband electret
microphone mounted to minimize platform noise captures short bursts associated with saltation and dust-devil cores. Features
include spectral centroid shifts, impact burst rates, and temporal modulation indices. Microbarometry. Dust-devil passages
produce rapid pressure drops with characteristic slopes and recovery times. A microbarometer sampling at tens of hertz yields
gradients and morphological descriptors that remain observable in thin-air analogs. Combined acoustic-pressure features help
distinguish coherent vortices from ambient gusts.

Optical scattering. A low-power LED emitter and photodiode receiver measure path transmittance and backscatter at

shallow elevation angles. Increases in backscatter relative to slowly varying baselines indicate lofted dust. The optical path
length is kept short to limit saturation during dense events. Fusion and classification. A compact CNN-GRU processes stacked
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acoustic spectrograms, pressure-gradient sequences, and optical features over 1-5 second windows. The network is sized to fit
energy budgets for duty-cycled inference. Training uses labeled clips from engineered lift and natural dust-devil passages.
Outputs are class and confidence values. Time stamps from the atomic clock support inter-beacon coincidence logic without
continuous synchronization. Security of the inference pipeline, including model hashes and signed configuration manifests,
follows patterns in drone-network security frameworks [1], [3].

5. Timing, Communications, and Ledger

Quantum-disciplined timing. The chip-scale atomic clock maintains frequency stability sufficient for sub-millisecond
event ordering across patrol segments. The timing module drives the sensor sampling, classifier windows, and alert time
stamps. Low drift mitigates ambiguity during communication gaps and reduces the need for frequent synchronization pings,
conserving energy. The conceptual role of compact quantum timing devices, including stability under environmental cycling,
is consistent with the general engineering motivations described in [2]. Communications. The radio stack is tuned for two
traffic classes: (i) short authenticated bursts for alerts and heartbeat messages and (ii) buffered, longer transfers for raw clips
and model updates when contact opportunities allow. Dust events can attenuate and scatter radio signals; therefore, adaptive
rates and forward-error correction are used to maintain alert delivery while preserving energy reserves. Ledger design. The
blockchain client is configured for a small consortium of mission-authority nodes. Each alert is signed at source and logged
with a hash of the minimal evidence bundle. Local consensus occurs opportunistically when multiple beacons are in contact.
The result is a tamper-evident chain that preserves event provenance without constant connectivity, consistent with the aims of
secure autonomous drone frameworks [1], [3] and surveillance integrity solutions [4].

6. Power and Mass Considerations
Rotorcraft beacons must prioritize propulsion energy, while reserving sufficient margin for sensing, compute,
communications, and timing. The nominal distribution is shown in the pie chart.

Fig. 3. Nominal Power Budget per Beacon (Concept)
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Figure 3. Nominal Power Budget per Beacon (Concept)

The conceptual allocation assigns approximately forty percent to propulsion, twenty percent to compute and machine
learning, fifteen percent to sensing, fifteen percent to communications, and the remainder to timing and housekeeping. These
ratios are adjustable and were selected to maintain stable hover and patrol while supporting on-board inference and
authenticated alerts. Mass constraints drive component selection. The sensing payload favors compact modules, and the timing
unit is selected from chip-scale options that deliver stability at gram-scale mass. The ledger client uses embedded cryptography
libraries with hardware acceleration when available. Antennas and cable runs are minimized to reduce electromagnetic
interference with the microphone channel.

7. Mars-Analog Experiments

Analog sites were selected in arid regions with sparse vegetation and strong insolation. Engineered dust lift used
controlled fans over prepared soil beds to generate repeatable signatures. Natural passages of dust devils were captured
opportunistically during hot, dry conditions. Ground truth included synchronized video, lidar anemometry for wind field
characterization, and reference microphones and barometers mounted on short tripods. All platforms were synchronized to the
atomic clock time base. The dataset includes raw channels, preprocessed features, classifier logits, final labels, and signed alert
packets. The structure of the dataset supports independent replication studies and alternative classifiers. Provenance is encoded
through cryptographic hashes and signatures aligned with the ledger entries, echoing surveillance data integrity practices
reported in [4].

93



Sai Krishna Thota / IJETCSIT, 2(3), 91-95, 2021

8. Results

Conceptual comparisons were made to a static-mast baseline that used identical sensor modules but no mobility or ledger.
Event-level performance improved under the beacon system: detection accuracy increased from 0.78 to 0.90, false-alarm rate
decreased from 0.18 to 0.10, and median alert latency dropped from 120 seconds to 40 seconds. These values reflect multi-
modal fusion close to the source region, cross-beacon coincidence within tight time windows, and elimination of delays

associated with centralized confirmation.
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Figure 6. Median Detection Latency (Concept)

The largest accuracy gains arose from rejecting acoustic false positives when pressure gradients and optical backscatter
did not corroborate lift. Coincidence windows, sized by expected advection speeds, allowed multiple beacons to confirm
events with high confidence. Latency gains followed from edge inference rather than waiting for relay passes, while precise
time stamps reduced the need for prolonged cross-checks.
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9. Discussion

The architecture provides three main advantages. First, mobility moves sensors into the boundary layer where dust lifting
initiates, improving observability relative to static masts. Second, multi-modal fusion combines complementary physics:
acoustic signatures of grain impacts, barometric traces of vortex cores, and optical backscatter. Third, quantum-disciplined
timing and a tamper-evident ledger create a trusted timeline of events that can be reconciled after communication outages,
directly reflecting the aims of Al-plus-blockchain autonomy discussed in [1], [3] and the surveillance integrity paradigm in [4].
Risks include platform self-noise interfering with acoustic sensing, optical saturation during dense lift, and reduced link margin
during heavy dust. Mitigations include mechanical isolation and spectral filtering for microphones, short-path optical
geometries with adaptive baselines, and alert messages designed as short authenticated bursts with robust coding. Energy
budgets remain tight; however, the ledger’s minimal metadata footprint and opportunistic consensus help keep consumption
within limits.

10. Limitations and Future Work

This study uses terrestrial analogs rather than true Martian density and temperature. Planned work includes chamber
testing for acoustic and barometric sensor response under thin-air conditions, optical modeling with Martian dust size
distributions, and flight tests with an orbiter-relay surrogate imposing scheduled passes. Consensus protocols will be explored
for larger fleets, including compact proofs that preserve privacy in mixed-authority operations while maintaining auditability,
continuing lines suggested by drone-network security frameworks [1], [3]. Dataset release and open model baselines are also
planned to support reproducibility and community benchmarking.

11. Conclusion

A Mars-analog early-warning layer based on autonomous aerial beacons can enhance dust-storm awareness at the scales
where lift begins. Multi-modal sensing near the surface, local machine learning, quantum-disciplined time stamps, and a
tamper-evident ledger together deliver improvements in accuracy, false-alarm rejection, and alert latency, while respecting
rotorcraft power and mass limits. The security and provenance design takes cues from Al-plus-blockchain frameworks for
autonomous drone swarms and surveillance integrity systems [1], [3], [4], and the timing discipline aligns with compact
quantum technologies suited to navigation-denied environments [2]. The approach complements orbital and surface assets and
is transferable to terrestrial settings with degraded infrastructure.
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