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Abstract

We propose Dynamic Satellite Time (DST), a time scale derived from the orbital
dynamics of artificial satellites, analogous to how Ephemeris Time was derived from
lunar motion. Unlike historical astronomical time determination, satellites enable
true real-time calibration through onboard atomic clocks, continuous tracking, and
rapid orbital motion. We demonstrate that bidirectional calibration between DST
and International Atomic Time (TAI) is not only possible but is already partially
implemented in modern satellite navigation systems. This represents a fundamental
advance over the Ephemeris Time era, combining the independence of dynamical
timekeeping with the precision and real-time accessibility of atomic standards.

1 Introduction

The historical development of timekeeping progressed from astronomical observations
(Ephemeris Time) to atomic standards (TAI, TT). However, this transition raised a
fundamental question: can dynamical time scales provide real-time calibration in the
modern era? We propose that orbiting satellites offer a unique solution, combining the
theoretical foundation of dynamical time with the practical advantages of space-based
atomic clocks and continuous monitoring.

Dynamic Satellite Time (DST) represents a convergence of celestial mechanics, atomic
timekeeping, and relativistic physics. Unlike the Moon, which required retrospective ob-
servations over months or years, satellites can provide nanosecond-precision time transfer
with latencies of mere seconds.

2 Theoretical Foundation of DST

2.1 Definition of Mean Motion

For a satellite in orbit at altitude h above Earth’s surface, the mean longitude can be
defined analogously to lunar motion:

Lsat(t) = L0 + n · t (1)

where n is the mean motion given by Kepler’s third law:

n =

√
GM

(RE + h)3
(2)

where G is the gravitational constant, M is Earth’s mass, and RE is Earth’s radius.
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2.2 The GPS Example

For GPS satellites at approximately 20,200 km altitude:

n ≈ 2 revolutions per sidereal day (3)

The corresponding dimensionless constant is:

αGPS =
n

2π
≈ 2.3× 10−4 Hz ≈ 2 rev/day (4)

This rapid orbital motion (compared to the Moon’s 27.3-day period) is crucial for
real-time applications.

2.3 Formal Definition of DST

We formally define Dynamic Satellite Time as:

DST ≡ Coordinate time at the barycenter of the satellite constellation (5)

This definition accounts for the ensemble of satellites and provides a natural extension
of terrestrial time scales to space-based operations.

3 Real-Time Capabilities: A Fundamental Advance

3.1 Why Satellites Enable Real-Time Calibration

Unlike lunar observations, satellites provide several critical advantages:

1. Continuous tracking: Ground stations and satellite-to-satellite links provide con-
stant position data

2. High orbital frequency: GPS satellites complete approximately 2 orbits per day
versus the Moon’s 1 orbit per 27.3 days

3. Precise ranging: Two-way time transfer achieves sub-nanosecond precision

4. Onboard atomic clocks: Each satellite carries its own precise time reference

5. Multiple satellites: Constellation geometry enables continuous global coverage
and redundancy

3.2 Comparison with Ephemeris Time

Table 1 compares the capabilities of ET and DST:
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Property ET (Lunar) DST (Satellite)
Determination mode Retrospective Real-time
Time delay Months to years Seconds to minutes
Precision ∼milliseconds Sub-nanosecond
Update frequency Episodic Continuous
Orbital period 27.3 days ∼12 hours
Number of objects 1 (Moon) 30+ per constellation

Table 1: Comparison of Ephemeris Time and Dynamic Satellite Time capabilities

3.3 Operational Time Scales

Current satellite navigation systems already implement DST-like concepts:

• GPS Time: GPS Time = TAI− 19 seconds

• Galileo System Time (GST): Aims for 30 ns accuracy to TAI

• BeiDou Time (BDT): Referenced to UTC(NTSC) China

Each system maintains approximately 50–60 atomic clocks in space plus ground con-
trol infrastructure.

4 Bidirectional Calibration: DST ↔ TAI

4.1 TAI to DST Calibration

Atomic time calibrates satellite operations through multiple pathways:

TAI
Ground stations−−−−−−−−−→ Satellite clocks

Orbital dynamics−−−−−−−−−→ DST (6)

The process involves:

1. Initial synchronization: Satellite atomic clocks are synchronized to TAI before
launch

2. Ground control uploads: TAI-based time signals are continuously uploaded to
satellites

3. Orbit predictions: Computed using TT (TAI + 32.184 s) as the time argument
in gravitational equations

4. Relativistic corrections: TT provides the coordinate time for computing proper
time aboard satellites

4.2 DST to TAI Calibration

Conversely, satellite orbital dynamics contribute to TAI:

Observed positions
Orbit determination−−−−−−−−−−−→ Dynamical time scale

Comparison−−−−−−→ TAI (7)

Contributions include:
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1. Orbit determination: Precise tracking of satellite positions over time reveals
dynamical time

2. Gravitational field mapping: Satellites reveal Earth’s gravity field (GRACE,
GOCE missions)

3. Relativistic effects: Orbital observations test general relativity predictions

4. Clock ensemble contribution: Satellite atomic clocks contribute to the TAI
ensemble

4.3 The Calibration Loop

The complete system forms a mutually reinforcing calibration loop:

TAI (Ground) ↔ Time Transfer ↔ Satellite Clocks ↔ Orbital Dynamics ↔ DST

with continuous comparison providing consistency checks on both systems.

5 Relativistic Considerations

DST must account for significant relativistic effects that distinguish it from ground-based
time scales.

5.1 Gravitational Time Dilation

A clock at GPS orbital altitude runs faster than at Earth’s surface due to reduced grav-
itational potential:

∆f

f
≈ GM

c2

(
1

RE

− 1

r

)
≈ +45.7 µs/day (8)

5.2 Kinematic Time Dilation

Orbital velocity causes clocks to run slower according to special relativity:

∆f

f
≈ − v2

2c2
≈ −7.1 µs/day (9)

where v ≈ 3.87 km/s for GPS orbits.

5.3 Net Relativistic Effect

The combined effect is:

∆f

f total

≈ +38.6 µs/day (10)

This substantial effect must be continuously corrected to maintain synchronization
with TAI. GPS satellite clocks are actually pre-adjusted to run at 10.22999999543 MHz
(rather than 10.23 MHz) to compensate.
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6 Real-Time Implementation

6.1 Continuous Monitoring Infrastructure

Modern satellite systems achieve real-time performance through:

• GPS: 17 monitoring stations worldwide track satellites continuously

• Galileo: 40+ ground stations providing global coverage

• Data latency: Seconds to minutes for operational products

6.2 Rapid Update Cycles

Unlike retrospective ET determination, DST systems provide:

• Satellite clock corrections: updated hourly

• Ephemeris updates: every 2 hours

• Emergency updates: within minutes when needed

6.3 Two-Way Time Transfer Performance

Modern satellite time transfer achieves:

• Precision: < 1 nanosecond

• Latency: milliseconds for signal propagation

• Update rate: continuous streaming

This represents a 106–109 improvement over historical astronomical time determina-
tion.

7 Advantages of DST over Classical Dynamical Time

7.1 Independence and Redundancy

DST offers several unique advantages:

1. Independence: Not tied to Earth’s irregular rotation

2. Accessibility: Available to any receiver with line-of-sight to satellites

3. Real-time capability: Continuous sub-microsecond precision

4. Global coverage: Worldwide availability

5. Redundancy: Multiple satellites and constellations

6. Relativity laboratory: Continuously tests general relativity
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7.2 Consistency Verification

If DST diverges from TAI predictions, this could indicate:

• Gravitational anomalies in Earth’s field

• Systematic errors in atomic clock ensembles

• Variations in fundamental constants

• Deviations from general relativity

Thus, DST and TAI provide mutual validation of their respective physical foundations.

8 Future Extensions

8.1 Next-Generation Space Clocks

Future developments will enhance DST capabilities:

• Optical clocks in space: 100× better stability than current atomic clocks

• Quantum time networks: Entanglement-based synchronization

• Autonomous time scales: Satellites self-calibrate without ground control

8.2 Deep Space Applications

The DST concept extends naturally to:

• Mars Coordinate Time: Maintained by Mars orbiters

• Lagrange point stations: Time references at gravitationally stable locations

• Pulsar-based navigation: Nature’s cosmic clocks for interstellar navigation

8.3 Interplanetary Time Network

A future network might establish:

Barycentric Coordinate Time (TCB) ↔ DSTEarth ↔ DSTMars ↔ DSTJupiter (11)

Each planetary system maintaining its own dynamic satellite time, synchronized
through relativistic transformations.
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9 Practical Implementation Proposal

9.1 DST Realization

A formal DST system would operate as follows:

1. Each satellite maintains an atomic clock initially synchronized to TAI

2. Ground segment continuously monitors satellite positions and clock offsets

3. Orbital dynamics equations with full relativistic corrections define DST coordinate
time

4. DST serves as an independent time scale for space operations

5. Regular comparisons with TAI verify consistency

9.2 Mathematical Formulation

The transformation from TAI to DST for satellite i is:

DSTi = TAI + ∆tgrav,i +∆tkin,i +∆tcorr,i (12)

where:

• ∆tgrav,i is the gravitational time dilation correction

• ∆tkin,i is the kinematic time dilation correction

• ∆tcorr,i includes other corrections (Sagnac effect, Earth orientation, etc.)

The ensemble DST is then:

DST =
1

N

N∑
i=1

wi ·DSTi (13)

where wi are weights based on clock performance and satellite geometry.

10 Conclusion

Dynamic Satellite Time (DST) represents a genuine advance over Ephemeris Time, en-
abling real-time dynamical timekeeping through:

• Onboard atomic clocks providing continuous time references

• Rapid orbital motion enabling frequent observations

• Two-way time transfer achieving nanosecond precision

• Constellation redundancy ensuring reliability

• Global accessibility for all users
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The bidirectional calibration between DST and TAI is not only possible but opera-
tionally essential. These systems form a mutually supporting architecture where:

• TAI provides the stable atomic time base and initial synchronization

• DST provides independent verification through orbital dynamics

• Continuous comparison validates both atomic stability and gravitational theory

• Each system compensates for the other’s limitations

Current satellite navigation systems (GPS, Galileo, BeiDou) already implement par-
tial versions of DST. Formal recognition and standardization of DST would:

1. Establish a rigorous theoretical framework for space-based timekeeping

2. Enable better integration of multiple satellite systems

3. Provide a pathway for interplanetary time coordination

4. Create new opportunities for testing fundamental physics

Unlike the historical ET-TAI transition, which represented a one-way calibration from
celestial mechanics to atomic physics, the DST-TAI relationship is genuinely bidirectional.
This synergy between dynamical and atomic timekeeping, mediated by relativistic physics
and enabled by space technology, represents the future of precision time and frequency
metrology.
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