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[Point of contact for this section: Jon Hamkins]
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The purpose of this Informational Report is to document existing frequency and timing standards, Global Navigation Satellite Service (GNSS) systems, and time correlation and time synchronization methods as practiced by CCSDS member agencies in their space missions. This report also identifies requirements of various space missions for time management services. This information provides an introduction and overview for implementers of these time management services, and it also provides a basis for identifying potential need for a CCSDS Blue Book describing recommended standard time correlation and time synchronization protocols, in order that CCSDS member agencies may cross-support each other’s missions.
In no event will CCSDS or its members be liable for any incidental, consequential, or indirect damages, including any lost profits, lost savings, or loss of data, or for any claim by another party related to errors or omissions in this report. This document is a CCSDS informational Report and is therefore not to be taken as a CCSDS Recommended Standard.
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The concepts, requirements, protocols, and data formats described herein are designed for use as part of a time management system. Such a system enables the relationship between a spacecraft clock and a ground clock – including offset, drift, etc. – to be measured (“time correlation”), made known to both the spacecraft and the ground (“time transfer”), and aligned (“time synchronization”).
This document provides supporting and descriptive material only. It is not part of a Recommended Standard. In the event of any conflict between a CCSDS Recommended Standard and the material presented herein, the Recommended Standard shall prevail.
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This document is divided into seven numbered sections and one annex:
a) Section 1 presents the purpose, scope, rationale, organization, and references;
b) Section 2 provides an overview of time management concepts, and definitions;
c) Section 3 describes frequency and timing standards;
d) Section 4 describes GNSS systems
e) Section 5 describes time correlation concepts and implementations by space agencies
f) Section 6 describes time synchronization concepts and implementations by space agencies;
g) Section 7 describes applications; and
h) Annex A provides a list of mission time management requirements and characteristics.
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[Point of contact for this section: Vic Vilnrotter]
Accuracy: The degree of conformity of a measured or calculated value to its definition, related to the offset from an ideal value. In the time and frequency community, accuracy refers to the time offset or frequency offset of a device. For example, time offset is the difference between a measured on-time pulse and an ideal on-time pulse that coincides with UTC [1].
Clock:  A device that generates periodic, accurately spaced signals for local timekeeping applications. A clock consists of at least three parts: an oscillator, a device that counts the oscillations and converts them to units of time interval (such as seconds, minutes, hours, and days), and a means of displaying or recording the results [1].
Clock-ensemble: A group of clocks or oscillators whose outputs are averaged to create a time scale. Typically, the relative value of each clock is weighted, so that the best clocks contribute the most to the average [1].
Coordinated Universal Time (UTC) – An atomic time scale that forms the basis for the coordinated dissemination of standard frequencies and time signals. The hours, minutes, and seconds expressed by UTC represent the time-of-day at the Earth's prime meridian (0° longitude) located near Greenwich, England [1].
GNSS (Global Navigation Satellite Systems): A satellite system that can be used to locate a user’s receiver anywhere in the world [1].  The system simultaneously determines the four parameters of position and time.
Gravitational Time Delay: The delay associated with increased transit time and Doppler Shift when a signal passes near a massive object. Also known as the Shapiro effect [2].
International Atomic Time (TAI) - A time scale maintained internally by the BIPM calculated using data from more than 450 atomic clocks in over eighty national laboratories. TAI realizes the SI second as closely as possible, and runs at the same frequency as Coordinated Universal Time (UTC).  However, TAI differs from UTC by an integral number of seconds. This difference is related to leap seconds, and increases whenever a leap second occurs [1].
Mission Domain (MD): The spatial domain in which a mission operates. Missions may transit multiple domains during launch, orbital transfer, orbital insertion and landing [2]. 
Navigation: The ability to determine current and desired position, and apply corrections to course, orientation, and speed to attain a desired position [2]. CCSDS definition
Network Time Protocol (NTP): A standard protocol used to send a time code over packet-switched networks, such as the public Internet. The NTP packet includes three 64-bit time stamps and contains the time in UTC seconds since January 1, 1900 [1].  Explain in Green Book
Precision: The degree of mutual agreement among a series of individual measurements, values, or results, analogous to standard deviation or resolution.  Alternately, the ability of a device to produce, repeatedly and without adjustments, the same value or result, given the same input conditions and operating in the same environment [1]. Note that precision does not imply accuracy, since accuracy is the closeness of a set of measurements to an ideal value, whereas precision is the closeness of a set of measurements to each other.  Statement on accuracy vs precision in Green Book?
Resolution: The degree to which a measurement can be determined. For example, if a time interval counter has a resolution of 10 ns, it can produce a reading of 3340 ns or 3350 ns, but not a reading of 3345 ns [1].
Stability: An inherent characteristic of an oscillator that determines how well it can produce the same frequency over a given time interval [1]
Stratum clock: A clock in a telecommunications system or network that is assigned a number that indicates its quality and position in the timing hierarchy. Only stratum 1 clocks may operate independently; other clocks are synchronized directly or indirectly to a stratum 1 clock [1].

Time unit: The reference time unit is a second, which is defined as the duration of 9 192 631 770 periods of the radiation corresponding to the transition between the two hyperfine levels of the ground state of the cesium 133 atom [1]. Note that BIPM has devised a roadmap to redefine the second to fractional accuracies on the order of . SI unit, gravitational effects, relativistic correction
Time scale: An agreed upon system for keeping time.  All time scales use a frequency source to define the length of the second, which is the standard unit of time interval. Seconds are then counted to measure longer units of time interval, such as minutes, hours, and days [1].
Terrestrial Time (TT): An astronomical time scale which equals TAI + 32.184 s. The uncertainty of TT is ±10 microseconds. It is one of the time scales that replaced the now obsolete Ephemeris Time scale in 1984 [1].
Time: The designation of an instant on a selected time scale, used in the sense of time of day [1].
Time correlation: The determination of the time offset between two continuous time scales provided by a master clock and a local (spaceborne) clock. This procedure requires knowledge of clock parameters and propagation delay of the time transfer.  Reference? Time correlation is the process of estimating the time on Earth at which a spacecraft clock time (SCLK) occurred. SCLK is a relative time that is a count of “ticks” of the spacecraft's onboard clock [40].
Time interval: The elapsed time between two events. In time and frequency metrology, time interval is usually measured in small fractions of a second, such as milliseconds, microseconds, or nanoseconds [1].  
Time transfer: A measurement technique used to send a reference time or frequency from a source to a remote location [1].  
Time synchronization:  The process of setting two or more clocks to the same time [1].

[bookmark: _Toc50622870]Frequency and timing standards
[bookmark: _Toc50622871]Frequency standardS  and Clocks
[Point of contact for this section: Sinda Mejri]
Frequency standards are devices producing stable and precise frequencies with a given accuracy. Frequency standards can be used as a clock if the frequency is suitably divided in a clockwork device and displayed [3]. 
A clock consists of an oscillator and a counter. One of the simplest clocks we can think of is the Earth oscillating by revolving around its own axis and humans counting the revolutions as days and years, which is the type of clock that led to the 1960 definition of the second. The 1967 definition of the second leads to the need of involving well-controlled atoms in the construction of a precise clock. 
The principle of the operation of an atomic clock is shown in Figure 3‑1. Coherent radiation is created by a radiation source. The radiation is shined upon an atomic sample, and the transition probability is detected. The fraction of atoms that is excited will depend on the oscillator frequency (radiation source), the intensity of the interrogation field, the duration of the pulse and the atomic properties. From the transition probability one can deduce how far the oscillator is from the reference frequency (the atomic transition) and a correction is subsequently applied to steer the oscillator towards the correct frequency.
[image: ]
[bookmark: _Ref43973580][bookmark: _Toc50623657]Figure 3‑1: Principal of atomic clock operation
The two most commonly used figures of merit for atomic frequency standards are accuracy and stability. The accuracy of a clock denotes how close the measured frequency is to the correct frequency and is usually determined by the ability to precisely evaluate systematic shifts of the clock frequency. The instability characterizes how much the frequency changes over time. Those terms are nicely visualized in Figure 3‑2 [3] comparing the temporal output of an oscillator with a marksman’s sequence of bullet holes on a target.
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[bookmark: _Ref43973601][bookmark: _Toc50623658]Figure 3‑2: Illustration of accuracy and Stability of a frequency
The frequency of an oscillator can be written as:

Here,  is the reference frequency,  is the offset of the mean oscillator frequency with respect to , caused by the environmental perturbation of the atom’s energy levels, and  is the frequency noise of the oscillator. In the frequency metrology community, the uncertainty that we have on the knowledge of  is called the uncertainty of the frequency standard, and  is called the frequency instability, characterized using the Allan variance [5] which describes the statistical uncertainty of the frequency measurement.
Another key parameter governing the performances of any frequency discriminator is its quality factor:

Where  is the reference frequency of the oscillator and  is the linewidth.
The fractional frequency instability of an oscillator locked to an atomic transition with a quality factor  often shows white frequency noise behaviour, and we can write it as:


(: is this oscillator quality factor? Need to define)
where  is the signal to noise ratio of the spectroscopic signal, and τ is the integration time.
[bookmark: _Toc50622872]Important types of frequency References
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[bookmark: _Toc50622873]Atomic Fountain 
Today most primary standard atomic clocks are fountain clocks based on the same principle as the atomic beam clocks with the atoms being laser-cooled to extend the interaction time. Since gravitational acceleration and thermal expansion of an atomic beam can limit the distance or rather the interaction time between the interaction zones, the atoms in a fountain clock are first prepared in a magneto-optical trap (MOT) or optical molasses which cools down the atoms to the level of few micro-kelvin and decreases thermal expansion. The trapped atoms are released and shot up vertically through a single interaction region which then is used a second time when the atom falls down again, effectively using the Ramsey method of separated fields with a single field. The atomic state is then detected before reaching the bottom of the chamber. 
[image: ]
[bookmark: _Toc50623659]Figure 3‑3: Typical atomic fountain clock
The key point of this method is to have atoms that expand much less and travel slower through the probing region while not falling out of the probing region due to gravity.
These types of clocks remains some of the best and most common primary standard clocks in the world [7][8][9].
[bookmark: _Toc50622874]Ion Clocks
Conventional Paul trap for ions provide a very good technique to control the atomic motion [6].  Thanks to the large confinement and trap depth attainable in an ion trap, an ion can be trapped for several days, up to months or even years providing long interrogation times. Up until a couple of years ago, optical ion clocks have held the record for atomic clock accuracy. However due to the strong Coulomb interaction between ions, using simultaneously several ions and interrogating them has proven very challenging which affect greatly the achievable clock stability.   
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[bookmark: _Toc50623660]Figure 3‑4: Ion trap used for ion clocks
[bookmark: _Toc50622875]Optical lattice clocks
Optical lattice clocks combine the high signal-to-noise of fountain clocks and the confinement of ion clocks where the motional effects are suppressed. A high number of neutral atoms are trapped in a dipole trap using a focused high power laser. The simplest version of the dipole trap is a 1D-lattice obtained by having a focused standing wave. Around the focus point there are interference fringes (effectively potential wells) in which, if the light intensity is high enough, it is possible to trap a number of atoms in each well. The large light shift from the dipole trap that the atoms experience is cancelled to first order at the magic wavelength [13], where the two clock states experience exactly the same shift. 
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[bookmark: _Toc50623661]Figure 3‑5: Optical Lattice clock: 1D dipole trap
[bookmark: _Toc50622876]Evolution of atomic clock stability
[Point of contact for this section: Sinda Mejri]

After more than 50 years of development and experience, microwave clocks which use a cloud of laser-cooled atoms have achieved their state-of-the-art performances with an accuracy at the 10−16 level and a frequency stability at at 1 s limited by quantum projection noise.
The development of new standards based on optical transitions with frequencies higher than several hundreds of gigahertz was blocked by the inability to measure optical frequencies with electronic devices. Measurement techniques using multiple doublings of a coherent microwave signal, were inefficient and complicated [10]. The real revolution in the optical standards has begun with the optical frequency comb, which allows for a simple transfer of optical frequencies to the optical and microwave domains, and, more importantly, maintaining a high stability of the optical signal [11], [12]. Since that moment, a strong acceleration in the development of optical frequency standards has been observed.
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[bookmark: _Toc50623662]Figure 3‑6:  Evolution of the fractional systematic uncertainty of atomic clocks over years [14]

[bookmark: _Toc50622877]Redefinition of the second
[Point of contact for this section: Sinda Mejri]
Since 1967 microwave caesium atomic clock has been the reference of the SI second. Metrology laboratories developing primary frequency standards provide accuracy to the timescales generated by the Bureau International de Poids et Mesures (BIPM): International Atomic Time (TAI) which is the basis of the world time reference UTC.
With the outstanding performances of the optical clocks over the last decade, surpassing the caesium fountain performance, the metrology community is more confident about the potential redefinition of the SI second in terms of an optical reference transition. 
BIPM has devised a roadmap to accompany the process for the re-definition of the second. The main milestones on the roadmap towards the redefinition of the second can be summarized as the following:
Milestone 1: The existence of at least three different optical clocks using different atomic species  demonstrating improved uncertainties of about two orders of magnitude better than Cs fountains.
Milestone 2:  Multiple (at least three) independent comparison between different metrology laboratories of at least one optical clock verifying Milestone 1. This comparison can be done by using a transportable clock or via advanced ground links like optical fibers.
Milestone 3: The optical clocks shall be contributing regularly to TAI.
Milestone 4: Three independent measurements of an optical clock verifying Milestone 1 with three independent Cs primary standards. This measurement shall be limited essentially by the uncertainly and stability of the Cs fountains clock.
In order to cover the milestones of the BIPM roadmap, several laboratories in the world embarked in an international projects in order to enable the comparison between the potential optical clocks candidate for the redefinition of the second.
In Europe for instance, several metrology laboratories engaged in the realization of a large fibre network linking the different European entities using a dedicated dark fibre. The most established one is the link between the German metrology laboratory Physikalisch-Technische Bundesanstalt (PTB) and the French Metrology laboratory Systèmes de Référence Temps-Espace (LNE-SYRTE). This link of 1400 km, demonstrated the first frequency comparison between two optical clocks of its kind across national borders between fully independent clocks at the level of 10-17 fractional accuracy [16].
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[bookmark: _Toc50623663]Figure 3‑7: Schematic of the clock comparison between PTB and LNE-SYRTE [17]

[bookmark: _Toc50622878]Time scales
[Point of contact for this section: Sinda Mejri]
[bookmark: _Toc50622879]International Atomic Time
International Atomic Time (TAI) is a high-precision atomic coordinated time standard based on the notional passage of proper time on Earth’s geoid.  TAI is calculated at the Bureau International des Poids et Mesures (BIPM) and it’s the coordinated result of national metrology laboratories and astronomical observatories who develop and maintain primary frequency references worldwide.
TAI was formally adopted in 1971, in the perspective of providing users with reliable, accurate and stable frequency. This realization is done by combining in the first step the data to create the timescale called “Echelle Atomique Libre’’ (EAL) translated into English as Free Atomic Scale. The requirement for accuracy in timescale is met by steering the EAL frequency using data from primary and secondary frequency standards. These standards are maintained at a few metrology laboratories that realize the second with a very high accuracy. Currently LNE-SYRTE, PTB, NIST, NPL, NIM, IT are providing primary and secondary frequency standard data to the BIPM. The BIPM uses these data in an algorithm to produce the steering correction for the EAL [16].  The combination of the EAL with these corrections provides the final product TAI.
Although TAI has been acknowledged as an atomic timescale, it’s not recognized as the international standard for timekeeping. That distinction is retained for Coordinated universal Time (UTC).
[bookmark: _Toc50622880]Coordinated Universal Time (UTC) 
The Practical disseminated reference time scale Coordinated Universal Time (UTC), based on TAI, is equally stable and accurate as TAI, but while TAI is continuous, UTC is affected by one-second discontinuities, known as leap seconds.  
The UTC has considerably benefit over the years from the progress in time and frequency metrology, sciences and industry. In fact the number of atomic clocks and its variety has dramatically increased in recent years providing more reliable and long-term frequency stability to time scale realization. The BIPM, in coordination with the world timing community, is assuring the dissemination of the UTC through Circular T published monthly and today offers complete information for the benefit of National Metrological Institutes, observatories and international organizations that contribute to its computation.   
UTC is often referred to as Greenwich Mean Time (GMT), but since the GMT time scale is no longer used the use of GMT to designate UTC is discouraged.
[Sinda to insert more detail about how UTC is computed, from TAI, leap seconds, etc.]
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[bookmark: _Toc50622884]GNSS systems
[Point of contact for this section: Beau Blanding and Eric Pitts]
The Global Navigation Satellite Systems (GNSS) are satellite constellations that provide timing data to GNSS receivers. This timing data is made available through radio frequency (RF) transmitters, precise atomic clocks, pseudorandom noise (PRN) spread data, and Doppler Effect application. Due to this capability provided by the GNSS satellites, institutions that require precise timing data can have the function of an atomic clock at the cost of an RF receiver. 
Four main GNSS exist, those being Galileo, Compass/Beidou, The Global Positioning System (GPS), and GLObal’naya Navigatsionnaya Sputnikovaya Sistema (GLONASS). There also exist regional systems including The Indian Regional Navigational Satellite System (IRNSS), the Doppler Orbitography and Radio-positioning Integrated by Satellite (DORIS), and The Quasi-Zenith Satellite System (QZSS) [23].
The origin of GNSS technology stems from the radio transmission observations of Sputnik 1 (1957). William Guier and George Weiffenbach of Johns Hopkins University’s Applied Physics Laboratory (APL) found that they could track where in orbit Sputnik 1 was by observing the apparent alteration of radio frequencies emitted by the satellite (Doppler Effect). Frank McClure, deputy director of APL at the time, proposed investigation of the inverse problem: determining the user’s location based on the satellite’s position [24].
Precision timing data is attained by observing the atomic clock data and factoring in a TC value. TC accounts for a multitude of errors due to the signal not traveling in a vacuum environment. Physical distance, atmospheric effects, multipath errors, and ephemeris account for some of the errors that can occur between transmitter and receiver. Modern ephemeris comprises software that generates positions of bodies at virtually any time desired by the user, subject to accuracy limitations.  Relativistic effects also contribute to the value of the time correction. This difference is currently accounted for in the receiver algorithm. The accuracy of the timing data is very important. To see how important, one only must look at the history of Global Positioning System (GPS) specs. GPS at its inception could reliably determine position within a range of a hundred meters [25]. Since 2007, GPS can determine position within a range of a few meters [26].  Due to advancements in the understanding of how radio frequencies are affected by the aforementioned errors, drastic improvements to navigational accuracy have been made.
Position data is calculated from equation 1:
	
	  c(Tn – Trn + Tc) = sqrt[(Xn – X)2+(Yn – Y)2+(Zn – Z)2]
	(1)

	
	


	


[bookmark: _Toc50623680]Table 4‑1: Equation (1) Variables

	C
	Speed of light (2.99792458 x 108 meters per second)

	Tn
	Time signal from satellite n was sent

	Trn
	Time signal from satellite n was acquired by receiver

	Tc
	Time correction value

	Xn, Yn, Zn
	Position of satellite n

	X, Y, Z
	Position of receiver acquiring signal from satellite n


The equation is solved simultaneously by the receiver with 3 other equations near identical to it, the only difference between the equations being the locations of each satellite. This is to solve for the position of the receiver and the time correction. These variables are needed to solve for atomic time accuracy on a receiver, in addition to solving for position.  Navigation is an extension of this calculation. Position data is needed for both the start position and destination, and the software providing the navigation capability will provide a route based on limitations of the vehicle. Both position and navigation data rely on timing data, as evidenced in equation 1.
[bookmark: _Toc50622885]Global positioning system (GPS)
[Point of contact for this section: Beau Blanding and Eric Pitts]
The Global Positioning System (GPS) is a satellite constellation made of 31 operational satellites as of April 24, 2019 [27], with 7 of these acting as redundancy. This network is owned and operated by the U.S. Government, specifically the United States Air Force. It exists to provide users with positioning, navigation, and timing (PNT) data. This service became available to commercial aircraft in 1983 [28], and in 1988, the technology spread to the masses in the form of a handheld navigation device [29].
GPS is not perfect however and does have problems of its own. One such issue is that the Civilian GPS frequency, L1, is line of sight. Receivers will most likely not receive satellite data if there is a solid object (mountain, building, etc.) between it and the GPS satellite. Malicious entities are also capable of creating radio signals to send false time and position data to GPS receivers. 
GPS’s nature as a one-way time transfer system (OWTTS) [2] poses an additional issue. Unlike two-way time transfer systems (TWTTS), OWTTS do not have a feedback loop inherent in their architecture. Feedback loops, in the context of time transfer systems, are essentially two atomic clocks comparing and correcting time with each other through a communications satellite10. However, GPS is externally maintained by the U.S. Air Force, allowing for GPS to have system feedback, despite it being an OWTTS. Feedback is provided through the GPS Master Control Station, which acts as a GPS receiver with a known location for the satellites. If the position of the control station suggested by the satellites do not match the actual known position of control station, the control station can take the necessary steps to correct the offending satellite [32].
[bookmark: _Toc50622886]Current Applications
The GPS service has found a use in almost every enterprise needing accurate location and time data. As its current applications are quite ubiquitous, only a few examples will be listed here. 
GPS’s most colloquially known use is for navigation function, derived from the timing data the satellite constellation provides. Originally, commercial GPS receivers were only available as its own unit of technology, separate from the cell phone. Cell phones however, started incorporating more technologies into their circuitry, GPS being one of them. For the common citizen living in an area that enjoys appreciable amounts of cell service, standalone GPS units have become obsolete. Only places that will expect lack of cell service will still need a standalone GPS unit (e.g. boats, airplanes, satellites, etc.).
Time data is not just useful for deriving positioning and navigation data. Timing data is crucial for precise record keeping over a measurable distance. Financial institutions timestamp business transactions to ensure that said transaction is perfectly traceable. In a world where transactions have become more global as opposed to local, accurate timestamps are necessary to keep financial records organized [30].
Timing data is also essential for space missions. The GPS satellite constellation (and by extension, all satellite constellation systems that fall under the category of GNSS) can provide critical timing data to most missions that maintain an orbit around Earth. There are other methods to keep a timescale onboard for a mission (onboard atomic clocks, utilization of Coordinated Universal Time (UTC), etc), but GNSS remains a viable option nonetheless [23]. Many space missions currently employ GNSS time, from small CubeSATs to the ISS. 
[bookmark: _Toc50622887]Future Applications for GPS
GPS provides users with a host of functionality related to its PNT data. However, as spacecraft systems become more reliant on computer-based operation, and strides are taken to increase terrestrial influence over Earth’s neighbors Luna and Mars, more precise PNT systems will be needed to accommodate users in the Lunar and Martian orbits.  
Luna
In the near future, the Artemis I program will endeavor to reach the moon and establish a lunar orbiting station. Upon full realization of the project, Artemis I will facilitate unique experiments due to its capability to enable repeat travel from lunar ground to lunar station. In addition to providing valuable science and exploration data of the moon, Artemis will also provide lessons learned for the first manned Mars mission. 
During the Apollo missions era, both the Manned Space Flight Network (MSFN) and the Deep Space Network (DSN) provided communications and tracking. MSFN was the primary network, and DSN was the secondary solution. Interestingly, some of the satellites working within the MSFN were hosted by The Pioneer Station at Goldstone (DSS-11), a DSN facility. The Pioneer Station was mothballed but could be brought back for use when the Artemis missions are underway. MSFN now exists as TDRSS.
For Artemis mission lunar PNT data, there is a different project underway called LunaNet. GSFC is currently leading the effort. The project aims to place satellites in orbit around the moon, similar to the GNSS that exist around Earth. A number of satellites will orbit the moon and form a lunar navigation satellite system (LNSS) that will use the same method mentioned before in the background to provide PNT data. In addition to facilitating PNT, LunaNet also will provide networking and science utilization services [33].
Mars
Like Luna, Mars will also need significant improvements to PNT data technology for facilitating future robotic and manned missions, but on an even greater scale due to the increased distance. While communications with the moon happen in the range of seconds, communications with Mars can happen between 4 and 20 minutes (The Mars rover Curiosity took 14 minutes to communicate its safe landing13?). Currently, deep space missions use the Deep Space Network (DSN) to communicate PNT data. Deep space missions in this context also include Martian satellites. Existing GNSS infrastructure on Earth is not powerful enough to have any influence for PNT data on Mars unfortunately.
An option for having relatively current PNT data for the Martian surface would be to install a GNSS-like infrastructure in Mars’s orbit and ground. However, an issue inherent to building an exact architectural replica of Earth GNSS systems stems from the need for interplanetary communications. An exact architectural replica would not benefit us as much as a different approach to satellite system architecture would. Earth communication systems would have to pinpoint a Martian orbiting satellite from which to receive a signal. The variance potential for a satellite signal transmitting from around 55 million km (assuming signals transmission at smallest planetary distance) is quite large. This transmission would require DSN satellites for reception of signal, which would be a further constraint on time available for reception since DSN also has other deep space missions to receive signals from: a solution to this would be to utilize the Mars-Sun Lagrange System to create a unique Martian navigation satellite system (MNSS). By deploying a satellite at Lagrange point one (L1), variance potential of transmission signals to Earth is reduced, and a smaller dish with less missions to account for can receive the transmission signal. This reduces constraint from a schedule perspective and provides more opportunities to communicate with the MNSS. In addition, satellite L1 can function as a repeater to enable communications with receivers on Martian ground that are located on the “dark side” of Mars. 
Something to note however is that L1 is considered an unstable Lagrange point. An external influence of sufficient force could remove it from the L1 field. The same point could be said for the stable Lagrange points L4 and L5, but the point is that a force lesser than what is required to move objects from  L4 and L5 could move an L1 object. Potential solutions for this problem exist. The solutions will need a deeper trade-study analysis however to determine which would have the most merit.
Currently, Goddard Space Flight Center is engineering the James Webb Space Telescope (JWST) for deployment to L2 of the Sun-Earth Lagrange system. L2 is considered an unstable Lagrange point, similar to L1. They plan to account for this instability by allowing some station-keeping to the telescope [35]. Applying the same methodology to the L1 Martian satellite could alleviate the unstable Lagrange point issue, but further analysis will be needed to ensure that the solution would be worth the cost. Another idea would be to place the satellite in the more stable  L4 and L5 points. Analysis would need to be done however on whether a satellite so physically distant from Mars would have any benefit. The final solution in this paper for MNSS communication with Earth would be to have the MNSS function similar to a GNSS. The trade-off for this solution would be higher variance potential of transmission signals between Earth and Mars.
For deployment, Payloads delivering MNSS satellites can be deployed in orbit, and payloads can deliver MNSS receivers to test and calibrate the system. Initially, the MNSS will be a degradation of what currently orbits Earth, but that is to be expected. This initial phase of MNSS will still provide valuable PNT information to robotic and manned missions alike, and the existing infrastructure will facilitate even further improvements.
[bookmark: _Toc50622888]GPS Clocks
The GPS satellites use atomic clocks, cesium or rubidium, depending on the satellites implementation that provide the time to within 100 billionths of a second [37].  The ground receiver uses a far lower precision clock, such as a quartz clock [38].
[Beau and Eric: Remaining sections of 4.1 need editing to read better and contain prose with full sentences and citations connected to statements.  Or delete.]
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GPS Signal Contents
Legacy Navigation (LNAV) Satellite Signal (Coarse Acquisition C/A)	
[36]
Composition – The LNAV GPS signal is a satellite unique pseudo-random noise (PRN) ranging signal phase modulated with the navigation signal. 1 pg3  The C/A navigation data is a 50 bits per second, 1500 bit frame comprised of five 300 bit subframes.  Subframe 1 contains the time of the onboard clock time of the GPS satellite.  Subframes 2 and 3 contain the GPS Ephemeris, which is a quasi-Keplerian least squares curve fit of the satellite’s orbital information and is valid for approximately four hours. The ephemeris data is used to calculate the receivers position in Earth Centered, Earth Fixed coordinates.  Subframes 4 and 5 contain the Almanac and due to the size of the Almanac, each subframe contains only 1/50th of the total Almanac resulting in the entire frame having to be transmitted 25 times for a GPS receiver to acquire the Almanac.  The almanac is coarse orbit and status information for all satellites in the GNSS constellation which makes locating other satellites easier.  The Almanac subframes also include ionosphere correction data which provide error correction for single signal receivers, GPS to UTC clock correlation, and satellite Health/Status, i.e., sick.
Civilian Navigation (CNAV) Satellite Signal	
[37]
Composition – The CNAV GPS signal is a satellite unique PRN ranging signal phase modulated with the navigation signal. 1 pg3 The CNAV data is a 300 bit message, transmitted over 12 seconds.  The CNAV data usually contains one of two distinct data components: Ephemeris or Almanac; but can contain one of several secondary messages instead.  What data is in a particular frame of data is denoted by a message type field included in each frame.
Message Types 10 and 11 contain the GPS Ephemeris, which is valid for at least three hours, and Health and status data.  Message Type 12 contains Reduced Almanac for 7 SVs.  Reduced Almanac is a subset of the almanac that provides less precise ephemeris.  Message Type 13 contains Clock Differential Correction for 6 SVs.  Message Type 14 contains Ephemeris Differential Correction for 2 SVs.  Message Type 15 contains Text Messages from GPS Operating Control.  Message Types 30-37 all provide Clock Correction Data that is used for SV clock correction, allowing the receiver to calculate the GPS time.  Message Type 30 also contains Ionospheric and Group Delay Correction Parameters.  Message Type 31 also contains Reduced Almanac for 4 SVs.  Message Type 32 also contains the Earth Orientation Parameters which are used to convert Earth Centered Earth Fixed coordinates into Earth Centered Inertial coordinates.  Message Type 33 contains the GPS and UTC correlation and satellite clock correction parameters.  Message Type 34 also contains the Differential Correction Parameters – correction parameters for the clock and ephemeris data for other satellites.  Message Type 35 also contains GPS satellite clock correction and GPS/GNSS correlation parameters.  Message Type 36 also contains Text Messages.  Message Type 37 also contains Midi Almanac.  Midi Almanac contains almanac parameters for calculating the precise ephemeris.
Aeronavigation Satellite Signal
[39]
Composition – The Aeronavigation GPS signal is a satellite unique PRN ranging signal phase modulated with the navigation signal. 4 pg5 The Aeronavigation data is a 300 bit message, transmitted over 6 seconds.  The Aeronavigation data usually contains one of two distinct data components: Ephemeris or Almanac; but can contain one of several secondary messages instead.  What data is in a particular frame of data is denoted by a message type field included in each frame. The message types and the format of the message types is identical to the messages and formats of the CNAV message types.
The GPS receiver locks onto the PRN ranging signals of at least four GPS satellites and retrieves the satellite’s ephemeris data and time of the onboard clock.  The time of the SV clock corrected using the Clock Correction parameters and then adjusted of Differential, Ionospheric, and Group  Delay Correction. The corrected time is used to get the satellite’s position from the Ephemeris data. The quasi-Keplerian coordinates are then converted into Earth Centered Earth Fixed coordinates. The receiver then inserts that satellite information into the ranging equation in Appendix A.  The resulting four satellite equations are then used to solve for the position and time correction of the GPS receiver.  The time correction allows the GPS receiver to have near-atomic level accuracy.
Error Recovery for a Satellite 
[37]
For persistent errors, The Control Segment will intervene.  For minor “soft” errors, the Control Segment will perform an upload to restore integrity.  To fix major “hard” errors the Control Segment will be to make the satellite untrackable by altering the PRN to an invalid value and then performing required maintenance.
[bookmark: _Toc50622890]Galileo
[Point of contact for this section: Sinda Mejri]
Galileo is the Europe Union’s Global Satellite Navigation System (GNSS), a highly accurate, guaranteed global positioning service under civilian control. It’s autonomous but also interoperable with existing satellite navigation systems. 
The fully deployed Galileo system will consist of 24 operational satellites plus six in orbit spares, positioned in three circular Medium Earth Orbit (MEO) planes at 23 222 km altitude above the Earth, and at an inclination of the orbital planes of 56 degrees to the equator. 
The initial services of Galileo became available on 15 December 2016. Then as the constellation is built-up beyond that new services will be tested and made available.
[bookmark: _Toc50622891]Characteristics
The Galileo system is divided into three major segments; Space segment, ground segment and user segment. 
(a) Space segment: the main functions of the Galileo space segment are to generate and transmit code and carrier phase signals with a specific Galileo signal structure, and to store and transmit the navigation message sent by the control segment. These transmissions are controlled by highly stable atomic clocks on board the satellites. A description of the clocks on board can provided in a dedicated section. 

When Galileo is fully operational, there will be 30 satellites in Medium Earth Orbit (MEO) at an altitude of 23,222 kilometers. The satellites will occupy each of three orbital planes inclined at an angle of 56° with respect to the equator. The satellites will be spread evenly around each plane and will take about 14 hours to orbit the Earth. Each orbital plane includes 8 satellites uniformly distributed within the plane. The angular shift between satellites in two adjacent planes is 15º. One satellite in each plane will be a spare, on stand-by should any operational satellite fail. The full constellation includes 6 spare satellites, resulting a walker 24/3/1 constellation. These spare satellites can be activated and allocated to a given operational slot depending on maintenance or service evolution activities. The constellation geometry repetition period corresponding to the nominal orbital parameters is 10 days (corresponding to 17 orbital revolutions). This means that for any fixed Galileo user, the local satellite geometry at a given instant is repeated every 10 sidereal days. In the following table are shown the Nominal Value of the different Reference Orbit Parameters:
	Reference Orbit Parameter
	Nominal Value

	Orbit semi-major axis (m)
	29599801

	Orbit eccentricity
	1E-07

	Orbit inclination  (deg)
	56.0

	Argument of Perigee (deg)
	0.0


(b) Ground segment:
The Galileo ground segment is the responsible for the proper operation of the GNSS system. It comprises two control centres, a global network of transmission and receiving stations implementaing monitoring and control functions and a series of service faclilities which support the provision of the Galileo services.

As mentioned above, the core of the Galileo ground segment are the two Galileo Control centers situated in Oberpfaffenhofen (Germany) and Fucino (Italy). Each centre manages control functions supported by a ground control segment (GCS) and mission functions, supported by a dedicated Ground Mission Segment (GMS). 

The GCS handles space craft housekeeping and constellation maintenance. The scope of this functionally includes control and monitoring of the satellites and payload, planning and automation functions that allow safe and correct operations to take place and the support of payload related operations. On the other hand the GMS  determines the navigation and timing data part of the navigation messages.

(c) User segment: 
The Galileo user segment is composed by Galileo receivers. Their main function is to receive Galileo signals, dertmine pseudo-ranges and solve the navigation equation in order to obtain their coordinates and provide a very accurate time. 

[bookmark: _Toc50622892]Galileo clocks
In the Galileo constellation each Galileo satellite has two master passive hydrogen maser atomic clocks and two secondary rubidium atomic clocks which are independent of one other.
The Galileo satellites are configured to run one hydrogen maser clock in primary mode and a rubidium clock as hot backup. Under normal conditions, the operating hydrogen maser clock produces the reference frequency from which the navigation signal is generated. Should the hydrogen maser encounter any problem, an instantaneous switchover to the rubidium clock would be performed. In case of a failure of the primary hydrogen maser the secondary hydrogen maser could be activated by the ground segment to take over within a period of days as part of the redundant system.
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[bookmark: _Toc50623664]Figure 4‑1: On-board Galileo clocks: On the right rubidium clock. On the left the passive hydrogen maser for Galileo. 
The onboard passive hydrogen maser and rubidium clocks are very stable over a few hours. If they were left to run indefinitely, though, their timekeeping would drift, so they need to be synchronized regularly with a network of even more stable ground-based reference clocks. These include active hydrogen maser clocks and clocks based on the caesium frequency standard, which show a far better medium and long-term stability than rubidium or passive hydrogen maser clocks. These clocks on the ground are gathered together within the parallel functioning Precise Timing Facilities in the Fucino and Oberpfaffenhofen Galileo Control Centres. The ground based clocks also generate a worldwide time reference called Galileo System Time (GST), the standard for the Galileo system and are routinely compared to the local realizations of UTC, the UTC(k) of the European frequency and time laboratories.
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[bookmark: _Toc50622894]The Galileo system offers several high-performance services worldwide. The main ones are the following:
- Open service: with positioning accurate to one metre, the freely accessible Open Service targets the mass market and is intended for motor vehicle navigation and location-based mobile telephone services. Free to the user, it provides positioning and synchronization information intended for high-volume satellite radio navigation applications.
- High accuracy service:  it’s a service complementing the open service by providing an additional navigation signal and added value services in a different frequency band. The high accuracy service signal can be encrypted in order to control the access.- Public Regulated Service: The Public Regulated Service is restricted to government-authorized users, for sensitive applications which require a high level of service continuity. It will be encrypted and designed to be more robust, with anti-jamming mechanisms and reliable problem detection. This service is intended for security and strategic infrastructure (e.g. energy, telecommunications and finance);
- Search and Rescue Service: Galileo's worldwide search and rescue service will help to forward distress signals to a rescue coordination centre by detecting emergency signals transmitted by beacons and relaying messages to them.
[bookmark: _Toc43962693][bookmark: _Toc50622895]Future evolutions 
The evolutions of Galileo constellation are currently under technical study within the European GNSS Evolution programme supported by 17 EU members states and Canada. The primary aim of the programme is to define future system architecture for Galileo end generation and prepare the technology for future version of the system.
The Galileo Second Generation is expected to deliver improved performance in term of reliability, maintainability, availability, continuity, accuracy and integrity. 
[bookmark: _Toc50622896]GLONASS
[Point of contact for this section: Sinda Mejri.  We should try to contact ROSCOSMOS to see if they would volunteer to write/edit.]
GLObal’naya Navigatsionnaya Sputnikovaya Sistema (GLONASS) is the navigation system developed by Russia. It started in 1976 as a military experimental communication system and it began to finally achieve its goals in 2001. 
The constellation is currently nominal with 24 satellites in three orbital planes inclined at 64.8 degree and an orbital radius of 19140 km. This inclination which is higher than GPS orbits, allows more visibility of the polar regions.  
GLONASS satellite transits a C/A code for standard positioning on frequency L1, and a P-code for precise positioning on L1 and L2.
[bookmark: _Toc50622897]Current applications
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[Point of contact for this section: Vic Vilnrotter]
Time correlation is the process of establishing a relationship between spacecraft clock time and standard time on the ground, such as UTC. If spacecraft clocks never drifted with respect to earth-based clocks, then they could be set just once, i.e., referenced to ground clocks before launch, and would keep accurate time forever.  Events and data could be time tagged accurately for science and engineering purposes, and precision in-situ based navigation would also be possible. Unfortunately, the timing base for many spacecraft functions such as Command and Data Handling (C&DH) units is an oscillator that can drift significantly relative to Coordinated Universal Time (UTC) due to thermal effects on the spacecraft and inherent low-frequency drift. This creates a need to monitor and predict spacecraft clock drift with respect to UTC, a process that is called Time Correlation. 
Using the time correlation approach, the spacecraft clock is not changed once launched. Instead, the counter is allowed to run freely. In a typical protocol, the ground maintains a correlation file to associate the spacecraft clock to UTC. The spacecraft generates a time tag, SCLK, and places it in a time correlation packet along with an indication of the reference frame. The Earth receive time, ERT, of this frame is measured on the ground. A series of (SCLK, ERT) pairs, is used to calculate the offset of the spacecraft clock with respect to the UTC. To make this computation, the known spacecraft position is used to remove the delay caused by the one-way light time, and any delays present in the spacecraft and ground station are also accounted for.
In general, the Time Correlation process is assisted by timing services that provide a means to measure and predict the difference between the Spacecraft Clock (SCLK) time of an event, and the actual spacecraft event time (SCET) of the same event.  For example, the spacecraft may send special purpose Time Correlation (TC) packets that include a SCLK time stamp when the first bit of a reference frame sync marker passes a specific point in the spacecraft hardware. Upon reception on the ground, this same bit in the frame sync marker can be time stamped with Earth Receiver Time (ERT) referenced to its passage through a particular point in the station receive chain.  These time stamp pairs, (SCLK, ERT), form the basis by which spacecraft clock offset and drift can be corrected and predicted in the future.
Correlating a clock in space with an Earth based time standard can be accomplished using either an RF signal that travels one way (spacecraft to Earth or Earth to spacecraft) or for more accurate correlations, a signal that travels two ways (Earth to satellite and back to Earth). These techniques can also be used between any two nodes, such as a space station and another satellite. Setting a clock at one point to agree with another one at a different location is referred to as “time transfer”. 
Adjusting the clock oscillator, rather than some parameter that is part of the spacecraft UTC time calculation, result is a smooth variation of reported spacecraft time.   The goal in the mathematics is to find the frequency correction and the time between corrections that keeps the UTC value within tolerance with the minimum number of adjustments, i.e., results in the maximum time between the adjustments. The time delay between the reference point in the hardware chain and the exit of the signal from the transmit antenna has presumably been measured and recorded for any signal path and for any data rate when the units were under test, prior to launch.  This is the first component in path delay. The second (and typically much larger) component in path delay is the One Way Light Time (OWLT) from the spacecraft to the antenna station. The signal delay from the input to the antenna to the input of the ground receiver comprises the third and last delay component of the signal path. With both the spacecraft and the station in constant motion, the OWLT is always changing. 
Therefore, it is necessary to develop techniques that enable continuous estimation of the (SCLK, ERT) time stamp pair, in order to compute the offset between the spacecraft clock and UTC. The (SCLK, ERT) pair, along with the knowledge of the signal path delays, allows us to calculate the offset of the spacecraft clock with respect to UTC as follows:
Offset = SCLK – ERT – Spacecraft Signal Delay – OWLT – Ground Station Signal Delay
Note that this is a measure of the spacecraft clock offset at one instant of time only.  As the spacecraft clock drifts, this offset will change.  Figure 5‑1 shows an example of the signal path and Timing Service processing for a typical Mars-to-Earth communications link, as practiced in the Deep Space Network.  
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[bookmark: _Ref43973639][bookmark: _Toc50623665]Figure 5‑1: Block diagram of typical One-Way Light Time processing for estimating the Offset between SCLT and SCET, in the UTC time-frame
Unlike the protocols for satellites in low-earth orbit (LEO) via TDRSS relay, where round-trip delay measurements are often used to establish correlation between the spacecraft clock (SCLK) and earth received time (ERT) in the UTC timframe, the deep-space protocols typically employ one-way lite time (OWLT) together with precise spacecraft and ground-system calibration to determine the (SCLK, ERT) time-tag pairs. This approach requires accurate knowledge of the OWLT, which is typically determined via frequent ranging measurements together with the application of orbital dynamics to find the navigation solution.
The SCLK times are generally rough, hence it is common practice for the stations to accumulate a number of (SCLK, ERT) pairs and perform statistical processing to reduce the total end-to-end error in the spacecraft clock offset calculation.  These processed clock correction values form the Correlation Table, which is the basis for establishing the offset between the spacecraft clock time (SCLK) and spacecraft event time (SCET) in the UTC timeframe.
[bookmark: _Toc50622908]NASA Time Correlation methods
[bookmark: _Toc50622909]User Spacecraft Clock Correlation System
[Point of contact for this section: Victor Sank]
General
There are several ways of setting or correlating a clock in space with an Earth based time standard. Use of Global Positioning System (GPS) for position and time is becoming very common. But we need to set clocks on near-Earth satellites that are outside the GPS constellation, do not have a GPS receiver, or are in deep space. This is commonly done by using either an RF signal that travels one way (spacecraft to Earth or Earth to spacecraft) or for more accurate correlations, a signal that travels two ways (Earth to satellite and back to Earth). These techniques can also be used between any two nodes, such as a space station and another satellite. 
Setting a clock at one point to agree with another one at a different location is referred to as time transfer. The one way method is referred to as the Return Data Delay (RDD) method or the RCTD method. Some missions use the uplink instead of the down (return) link. The principals are the same but the higher data rate on the down/return link allows for more accurate time correlation. The TDRSS uses PN spread spectrum for ranging, which lends itself to an accurate two way time transfer method called the USCCS. USCCS is outlined here and is more fully described in the USCCS User Guide [452-UG-USCCS] which also covers the RDD methods. In this discussion we do not concern ourselves with the various hardware delays that must be taken into account and are fully covered in the 452-UG-USCCS.
Overview
The fundamental principal of the USCCS is shown in Figure 5‑2. A signal, a PN epoch, is sent from the ground to a User spacecraft via a TDRS and back to the ground. When the signal arrives at the User spacecraft, it triggers a reading of the spacecraft clock. We call this the Spacecraft Time and the reading is sent to the ground via the normal spacecraft telemetry. Knowledge of when the signal left the ground, t1, and when it returned, t3, is used to accurately calculate when it was at the spacecraft and triggered the reading of the spacecraft clock, t2. On the ground, the reading on the clock is compared to the time that the reading was triggered by the epoch. This results in a measurement (not a calculation) of the spacecraft clock error from UTC. For each transmitted PN epoch, there is a set of t1, t2, t3 but we have not used notation here to distinguish one set from another.
It is up to the User MOC to manage the spacecraft clock. Some projects adjust the oscillator frequency that drives the clock, some reset the clock, and some just maintain a table of Spacecraft Time vs. UTC.
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[bookmark: _Ref43973748][bookmark: _Toc50623666]Figure 5‑2: Block Diagram of Time Transfer Signal and Data Flow
Using the USCCS requires knowledge of details of the TDRSS PN ranging system since the epochs in the PN range code are used as the timing signals. Figure 5‑3 shows the geometry of the range measurement. The full range that the signal travels from the ground network element (WSC definition?) to the TDRS relay satellite at Geosynchronous Earth Orbit (GEO), to the User satellite and then back to the ground network elements is of the order of 140,000 Km => 0.47 sec. The range channel PN code is 1023 x 256 = 261,888 chips long and is transmitted at approximately 3.08 Mcps, making the period of the code 261888/3.08 Mcps = 0.085 sec. At the speed of light, this will cover a distance of d = c t = 2.9979x105 Km x 0.085 sec = 25491 Km. It initially appears that the range cannot be unambiguously measured with range PN patterns of this length. But, since the maximum range variation of a LEO satellite as seen by a GEO relay satellite is only a little more than the Earth’s radius of 6378 Km, the required range variation measurement only needs to be about 8000 Km, and the two way variation is thus 16000 Km. The 25,000 Km length PN code is sufficient to unambiguously locate a LEO satellite. It is then also sufficient to be used unambiguously for time transfer for a LEO satellite. 

Using Range PN Codes for Spacecraft Clock Correlation
USCCS, being a two way method, requires a coherent spread spectrum link (DG1, modes 1 or 3) and is very similar in concept to a ranging measurement. For a ranging measurement, the difference in the time from when a PN epoch leaves the WSC, t1, and the time that the epoch returns to the WSC, t3, is recorded, accurate to a few 10s of nanoseconds, i.e. 30 ns => 9 m. Of course, we must also know when this difference measurement was made. Since a LEO spacecraft is only moving at about 8 Km/sec, it only moves about 8 m in a millisecond so the absolute UTC time of the ranging measurement need not be to the nanosecond accuracy required by the range measurement, approximately a millisecond will do. On the other hand, in order for clock correlation to be accurate to about 1 microsecond, even though we do not need to know the round trip transit time accurate to 10s of nanoseconds, we do need to know when the signal leaves the ground terminal and when it returns to the ground terminal, accurate to within a microsecond of UTC. 
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[bookmark: _Ref43973815][bookmark: _Toc50623667]Figure 5‑3: Block Diagram of Time Transfer Signal and Data Flow
Time Transfer Messages
At the User request, the TDRSS can generate an Operations Message (OPM66) that contains the time that the epochs left the ground station (t1s) and the time that the epochs returned to the ground station (t3s). This information is in PB4 time format which is granulated to a fraction (1/16) of a microsecond. The absolute accuracy with respect to UTC, however, is only as good as the ground station’s time keeping with respect to UTC. The requirement has been that the ground station time must be within 5 microseconds of UTC but with GPS time transfer to the Ground station, it is generally kept to within 1 microsecond of UTC. Forward and Return epochs occur every 85 ms.
In order to reduce the OPM 66 message size, only the first epoch after the one second roll over is transmitted. The software at the User MOC that processes the time data must use  the knowledge that epochs occur approximately every 85 milliseconds and interpolate from the OPM data to evaluate all of the epoch times. Variation due to Doppler from second to second is small enough that the interpolated values will be accurate to better than a microsecond.
User Transponder and Spacecraft Processing
In order to make use of the USCSS service, the User transponder must be capable of coherent PN ranging. In addition, the transponder must output a pulse to the Command and Data Handling (C&DH), referred to as a Time Transfer Epoch that is synchronized to the simultaneous receipt and transmission of the epoch in the PN range code that is modulated on the RF link. The Spacecraft C&DH system must use that epoch to read the spacecraft clock and the spacecraft processing system must place that clock reading in telemetry that is sent to the ground. When using CCSDS virtual channels, a Time Packet is used that has a specific Application Identification (APID) within the Virtual Channels Identification (VCID) used for real time spacecraft housekeeping.
Epochs occur every 85 ms and using every one over a 5 minute period as an example, would result in far more data than is needed. In 5 minutes, 3529 epochs will occur. It is necessary for the ground processing to be able to figure out which epoch caused which clock reading. To correlate all of the data and limit the over burden, several missions have used a circuit that has the reading of the spacecraft clock generally disabled, and only enables the reading of the clock at some limited interval. For example, every 16th housekeeping Virtual Channel Data Unit (VCDU) is used by several missions. A circuit monitors the sequence count of the housekeeping VCDUs and only when the last 4 bits of the sequence count is all ones (xx…xxx1111) is the epoch circuit enabled. This is indicated in Figure 5‑2 on the lower right of the User Satellite block by the TLM Enable.
As a frame with such a sequence count leaves the C&DH on the way to the transmitter, the t2 circuit is enabled. Upon arrival of the next Time Transfer Epoch, the spacecraft clock is read and the circuit is again disabled. Both the reading on the spacecraft clock and the sequence count of the VCDU is placed in the Time Packet and sent to the ground. At this point, there is no urgency, the time packet can arrive at the ground in a later VCDU without loss of accuracy. 
Determine the Spacecraft Clock Error
We need to determine which epoch triggered which spacecraft clock reading. When the User spacecraft telemetry arrives at the ground (WSC) the data is time tagged with a ground receipt time (GRT, also called Earth Receipt Time, ERT). As IP has come to dominate ground data handling, a GRT may not be available to all customers. The MOC time processing software uses the GRT of the frames that enabled the spacecraft clock reading to estimate the time that the enable occurred. This involves a simple calculation similar to that used for the less accurate RDD method of clock correlation. An approximate range time to the satellite must be known in order to subtract the space propagation delay from the GRT in order to estimate when the VCDU enabled the clock reading by the Time Transfer Epoch. As complicated as it may sound, one of the nice things about the USCCS is that the OPM 66 contains a list of t1 and t3 times making it almost trivial to determine the spacecraft to ground propagation time. From orbit geometry, we know that the minimum round trip propagation time is at least 0.5 seconds.
The following steps are how the data is processed:
(1) Examine a time packet and find the sequence count of the frame that is associated with the clock reading in that time packet.
(2) Find that frame and determine the GRT for that frame.    Revision 10 T-5 450-SNUG
(3) Using the list of t3, pick the one that is close to the GRT.
(4) Using the list of t1, find the one that is at least 0.5 sec before the chosen t3.
(5) Take the difference between this t1 and t3 to get the round trip light time.
(6) Divide by 2 to get the one way light time, the one way range time.
(7) Subtract this from the frame GRT to get the approximate epoch enable time.
(8) Calculate and make a table of the possible t2 values. Do this by looking at the t1 values and then finding the first t3 that is at least 0.5 seconds later, t2 = (t1+t3)/2.
(9) Using the table of t2 values, find the first one after the enable time found in line 7.
(10) t2 is the UTC time that the clock was read. By comparing this to the clock reading in the time packet used in line 1.
(11) Define the term Clock Error. For example, True UTC time = clock reading -Clock Error, hence Clock Error = Clock reading – True UTC time = Clock Reading – t2.
(12) Using several time packets, make a table of clock error values. Over about 5 minutes, the errors should be all the same to better than a microsecond accuracy. Delete any outliers that occurred due to the estimate of the epoch enable time. 
Clock Correlation Conclusion
The forward range (long code) epoch UTC transmit times, t1, and the received range epoch UTC times, t3, are recorded at the WSC network element. These times are made available to the User processing center for the purpose of correlating a spacecraft clock with a ground time standard, UTC, to within about 1 microsecond. The biggest contributor to inaccuracy in the RDD clock correlation method is the inaccuracy of the spacecraft to ground propagation time which is usually based on a predicted orbit vector. When using the USCCS, the OPM 66 gives that time, measured to a fraction of a microsecond, and eliminates the inconvenience and mistakes that are made when running orbit software to determine the spacecraft to ground propagation time.
By using the received forward epoch to stimulate a reading of the spacecraft clock, and sending that reading to the operation center via spacecraft telemetry, spacecraft clock error may be determined. The calculation of the epoch arrival time at the spacecraft t2 = (t1 + t3)/2 is correct independent of the motion of the User spacecraft but is limited to about 1 μs accuracy due to the motion of the relay satellite and ground based network element as the Earth rotates. When microsecond or sub microsecond time correlation is desired, and GPS is not available, the USCCS can be used but there are additional orbit geometry considerations and relativistic effects that the user must consider of performing time correlation.
[bookmark: _Toc50622910]Mars science Laboratory example
[Point of contact for this section: Vic Vilnrotter]
The Mars Science Laboratory (also known as the Curiosity Rover) used guided atmospheric entry to land within 2.4 km of the planned landing site. This process is referred to as Entry, Descent, and Landing (EDL). The Mars Science Laboratory project conducted a campaign of pre-flight and in-flight clock calibrations and validations. This effort validated the calibration process, demonstrated that there were no significant systematic errors, and provided sufficient accuracy to support the specified EDL accuracy. Spacecraft clock calibration, and validation of the clock calibration process, required an end-to-end system design. This included components of the MSL flight, test, and ground systems, as well as the Deep Space Network (DSN).
The guided entry process propagates an inertial navigation state from an initial value and epoch time provided by ground-based navigation. Any error in the ground’s knowledge of the onboard clock value contributes to the landing error. In addition, any unrecognized, systematic error could result in a large landing error, or possible loss of the mission. The error in ground knowledge of the conversion from Spacecraft Clock (SCLK) time to Spacecraft Event Time (SCET) referred to Universal Time Coordinated (UTC) is known as the SCLK-SCET accuracy.

Figure 5‑4 illustrates the effect of SCLK-SCET error on landing accuracy. Several days prior to atmosphere entry, the ground navigation team sends the spacecraft an estimate of position and velocity relative to Mars, at a time referred to as . Once this time was reached, the spacecraft estimated its position and velocity by inertial navigation, propagating the initial estimate, combined with gyro and accelerometer data as the spacecraft maneuvered through the Martian atmosphere.
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[bookmark: _Ref43973839][bookmark: _Toc50623668]Figure 5‑4: Downtrack Error SCLK-SCET Error

The initial time  was defined by the Navigation time as 9 minutes before the spacecraft reached 3522.2 km from the center of Mars (approximately the top of the sensible Mars atmosphere.) This time was estimated in the Ephemeris (ET) time frame, based on the International Atomic Time (TAI) frame. The process of computing a SCLK-SCET solution is known as a SCLK-SCET calibration.

The onboard SCLK representation consists of a 32-bit counter, with a nominal least-significant bit (LSB) resolution of 1 second, and a 16-bit subsecond counter, with a nominal LSB resolution of seconds or 15.3 microseconds. The SCLK value is ideally defined as the time in seconds since 11:58:55.816 AM UTC, January 1, 2000. For purposes of ground operations and command generation, absolute times are represented in Spacecraft Event Time (SCET). SCET is the time in the TAI frame, at the spacecraft, when a particular event happens. SCET is normally represented in UTC (Universal Time Coordinated). This is the same epoch as Ephemeris Time (ET) used in navigation calculations, and prior to launch the onboard SCLK register was initialized to this value. 
For consistency, a common SCLK-SCET solution is used by all ground tools. This solution is deployed as a SCLK-SCET file at a fixed location, which all tools reference. This file contains a table of SCLK-SCET conversions, as described below. A new version of the SCLK-SCET file is released when the conversion error reaches an unacceptable level (as measured by the most recent SCLK-SCET calibration.) A modified version of the final pre-EDL SCLK-SCET file in table 4.1. 
[bookmark: _Toc50623681]Table 5‑1: SCLK-SCET Table
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Each row in the table represents a linear conversion between SCLK and SCET for the time range beginning at SCET0 for that row and ending at SCET0 of the next row. The overall table represents a piecewise-linear conversion between SCLK and SCET. In the SCLK-SCET table, the SCLK0 column represents the SCLK value at the start of each line segment. The SCET0 column represents the SCET value at the start of the line segment. The SCLK Rate column represents the slope used to convert SCLK to SCET0 for this line segment. This slope is defined as (change in SCET)/(change in SCLK). The DUT column represents the leap-second Delta-UTC correction between UTC and Ephemeris Time (ET). A leap-second correction was added on DOY 183 to account for the leap-second introduced on July 1, 2012.

Accuracy:  SCLK-SCET accuracy is defined as the difference between the actual SCLK-SCET relationship and the relationship shown in the SCLK-SCET file, evaluated at some particular time. For EDL, the accuracy requirement is set in terms of the conversion between SCLK and SCET at  as defined by the navigation team. The SCLK-SCET accuracy requirement for EDL is the most stringent during the mission. This requirement was chosen so that the downtrack error due to errors in SCLK-SCET conversion would not significantly increase the overall navigation error.
For example, at an approach velocity of 5.6 km relative to Mars, a navigation error of 3 km is roughly equivalent to a time-of-flight error of 500 msec. The requirement for SCLK-SCET accuracy was set at 40 msec. This is less than 10% of the ground-based navigation uncertainty, so it is a small contributor to landing accuracy. (The actual SCLK-SCET error turned out to be ~.4 msec., exceeding the requirement by a factor of 100.)
The calibration process:  MSL Telemetry is controlled by the Multi-Mission Space Avionics Platform Telemetry InterFace board, or MTIF. The MTIF transmits CCSDS-standard telemetry transfer frames to the X-Band radio – the Small Deep-Space Transponder (SDST). Each transfer frame includes a Virtual Channel Frame Counter (VCFC) – a monotonically increasing counter of transfer frames transmitted. The MTIF board also contains the Spacecraft Clock (SCLK), a 48-bit counter which is counted down from an oscillator with a nominal frequency of 33 MHz. The actual frequency of this oscillator is calibrated as part of the SCLK-SCET process. 
On command, the MTIF saves the value of the SCLK register when the first bit of a particular downlink frame is transmitted. The RCE Flight Software assembles this SCLK time, and the corresponding VCFC counter into a Time Correlation packet that is put into telemetry.
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[bookmark: _Toc50623669]Figure 5‑5: Flight SCLK-SCET Calibration Configuration                                                                                                             
On the Earth, the DSN station tags the Earth Received Time (ERT) for the first bit of each frame received. By subtracting the One-Way Light Time to the spacecraft (OWLT), the ground system can compute the Spacecraft Event Time when the frame was transmitted. Correlating this SCET with the SCLK value carried in a Time Correlation packet establishes a SCLK-SCET pair. By fitting several of these measurements to a straight line, the ground system computes the SCLK rate. The ground system combines the SCLK-SCET offsets and rate to construct the SCLK-SCET file.
The diameter of Earth introduces a change in light-time of up to 21 msec, hence the station location must be included in the calculation of the OWLT. For the purpose of SCLK-SCET accuracy analysis, the OWLT is assumed to be perfect – i.e. no error. OWLT errors are related directly to navigation accuracy. If the entire 3 km navigation error were attributed to an error in OWLT, this would be equivalent to a clock error of ~10 microsec., comparable to the SCLK LSB resolution. In practice, the OWLT is measured directly by ranging to an accuracy of meters, so the resulting error is small relative to the SCLK LSB resolution.
[bookmark: _Toc50622911]Mars Reconnaissance Orbiter example
The Mars Reconnaissance Orbiter Clock Distribution System (MRO CDS) must have sufficient resolution and accuracy to capture its own clock on the order of microseconds. The DSN must use more accurate ERT measurements on the order of microseconds, and use a potentially mission specific statistical processing function to reduce the data to a SCET/ERT correlation table. The Mars Reconnaissance Orbiter contains the UHF radio Electra, which is a telecommunications package that acts as a communications relay and navigation aid for MRO and for future Mars spacecraft to support navigation, command, and data-return requirements.
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[bookmark: _Toc50623670]Figure 5‑6: Electra clock offset determination with the Spacecraft Clock in the Loop
The interface between the MRO CDS and Electra must include an edge triggered signal that is designed to capture the Electra clock within the Electra payload and capture of the spacecraft clock within the CDS.  These two times can then be compared.   Their difference is a measure of the offset between the two clocks. Resolutions and accuracies of these clock captures should be on the order of microseconds.  
Since the spacecraft clock offset is known, the Electra clock offset relative to UTC is just the sum of the two offsets and the error is the RSS of these two errors.  If both the Electra clock and the spacecraft clock are referenced to the USO, the clock offset between Electra and the CDS should remain constant.  Theoretically operators could measure the offset between the two clocks once and then retire the function.  The Electra and CDS clocks would continue to drift together with respect to UTC.  Alternately, one could collect multiple data points, statistically process them and drive the Electra-to-CDS clock offset measurement error towards zero, (assuming all systematic errors and offsets are known and understood). 
Removing MRO Clock and MRO Interface out of the Loop in Determining Electra Clock Offset Relative to UTC
Electra requested that the MRO CDS send out a “Special” Type 1 Time Reference packet.  The only thing special about it is that it is marked as an Electra Type 1 Time reference packet and perhaps a “special” sync marker is used.  The frame number that this packet appears in is returned to Electra.  As this packet passes through the SDST and out, Electra is listening at X-band, down converting, and correlating bits to sync up to the unique sync marker at the frame boundary, (or elsewhere in the frame).
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[bookmark: _Toc50623671]Figure 5‑7: Proposed scheme to remove MRO clock and interface from Electra Clock Offset relative to UTC
When this sync marker is detected, Electra marks the time with its Clock and stores it.  When the same frame is received on Earth it is marked with an Earth Receive Time, ERT.  This ERT with the frame number is passed to an Electra time correlation processing function, along with an estimate of light time from the DSN Nav function.
At the spacecraft, Electra passes its captured clock time to the CDS.  A “Special” Type 2 Time Reference packet is formed which includes the “snapped” Electra clock time and the Frame number of the data frame that contained the sync marker that was “time snapped by Electra as it left the spacecraft”. Upon receipt at Earth, this packet is passed to the Electra time correlation processor function.   It matches the Electra Clock, ECLK, info with the ERT and RT light time info already captured for that data frame and it now has a single (ECLK,ERT) pair.  A series of these (ECLK,ERT) pairs can be captured and statistically processed to form a ECLK/EEVT Correlation Table, where EEVT means Electra Event Time.  This process mirrors the DSN’s Advanced Multi-Mission Operations System (AMMOS) process but takes the spacecraft clock out of the loop. Details of the scheme may have to be varied to accommodate existing deep space protocols and formatting but the general approach should still apply.

[bookmark: _Toc50622912]Time Correlation in the Advanced Multi-Mission Operations System (AMMOS)
[Points of contact for this section: Michael Reid and Stanley Cooper]
The MMTC application has only one function – to create the SCLK Kernel, the SCLK/SCET file, and a Time History File. That is its only use-case. The method by which the clock change rate is derived is the only major variable and is completed by assignment or, as will normally be the case, by one of two computation methods. The clock change rate can be assigned by a command line argument to either 1.0 or a specified value, or it can be computed over a configurable time period or interpolated from the previous contact. The definition of the clock change rate and how it relates to the clock drift rate is described in Section 5.2.2.
PERFORMING TIME CORRELATION
The Time Correlation application is a mission-independent application that maintains on the ground an association between spacecraft onboard clock time and Earth time and produces the associated data products. It maintains a time correlation product in the form of a SPICE SCLK kernel that contains a set of correlations between spacecraft time (SCLK) and terrestrial (Earth) time.
The product of the Time Correlation application is a cumulative Time History that contains information about the status of the clocks on board the spacecraft over time. This Time History Product is used for analysis by cognizant engineers or mission operations personnel. It contains information useful for assessing the health of the spacecraft clock and for diagnosing anomalies.
The Time Correlation application creates SCLK/SCET file. There is a one-to-one correspondence between the records in the SCET file and those in the SCLK Kernel. They are the same data, but in different forms.
THE SCLK KERNEL
The SCLK Kernel file complies with NAIF SPICE specifications. The Time Correlation application updates the mission SCLK kernel each time it runs by adding a new record consisting of an SCLK time in SPICE encoded SCLK form, a corresponding Earth time in Terrestrial Dynamical Time (TDT) form, and a clock change rate. Updating the mission SCLK kernel is a fundamental purpose of the MMTC. It provides the latest available time correlation parameters.
The Time Correlation application maintains a SPICE compatible SCLK kernel with the filename in the form of "<prefix>_nnnnn.tsc", where <prefix> is a mission configurable filename component and "nnnnn" is a version number ranging from 00000-99999. This requirement is based on EC694658 (reference?), but made non-mission specific. The SCLK Kernel also contains the spacecraft clock definition and partitions.
The GDS Time Correlation application creates an SCLK/SCET file that contains an association between SCLK, spacecraft time in UTC, and clock change rate in the format that is compatible with the APGen software. SCLK/SCET files are fundamental products of the Time Correlation application and contain the fundamental time correlation information and are used by numerous other applications. The SCLK/SCET File is updated each time it runs by adding a new record consisting of an SCLK time, a corresponding Earth time in a UTC calendar string, and a clock change rate. SCLK kernels are fundamental products of the Time Correlation application and contain the fundamental time correlation information and are used by numerous other applications.
THE TIME HISTORY FILE
The Time History File is an analysis product that is useful for assessing the health of the onboard clock(s) and for diagnosing anomalies. The Time Correlation application updates the SCLK kernel with a new time correlation record and the Time History File with a new history record with corresponding data during the same run. The Time History File is most useful when each record it contains can be correlated with a record in the SCLK kernel or SCLK/SCET file.
The GDS Time Correlation application creates and appends to each run a Time History File product that contains, at minimum, but not limited to: encoded SCLK, SCLK, Earth time in TDT calendar string and seconds of epoch form, Clock change rate, SCLK kernel partition, OWLT, RF encoding form, downlink bit rate, TDT error onboard spacecraft, SCLKTDT association onboard spacecraft (SCLK1, TDT1), and the temperature of the oscillator that drives the onboard SCLK clock. The Time History File is used for analysis by cognizant engineers or mission operations personnel. It contains information useful for assessing the health of the spacecraft clock and for diagnosing anomalies.
SPACECRAFT CLOCK CHANGE RATE
The spacecraft clock change rate is not the same as the clock drift rate. The “drift rate” is the number of SCLK seconds gained or lost over each TDT (or UTC) second. The “change rate” follows the JPL NAIF convention for “clock Rate” and is the number of TDT (or UTC) seconds per SCLK second. The numerical relationship between the two is SCLK drift rate = (1/ change rate) – 1. So, a clock change rate of “1.0” means zero SCLK drift rate. A clock change rate greater than “1.0” maps to a negative drift rate and means that the SCLK is losing time relative to Earth time. Conversely, a clock change rate less than “1.0” maps to a positive drift rate and means that the SCLK is gaining time relative to Earth time. 
Whenever a new time record is added to the SCLK kernel, the predicted clock change rate is determined by either assignment or by computation from past contact data. SPICE uses the predicted clock change rate in a simple linear extrapolation to predict future mappings between SCLK and Earth time. 
In addition, when a new time record is added to the SCLK kernel, the clock change rate in the previous time record is, by default, modified to provide a more accurate mapping between SCLK and Earth time for the period between the old and new time records, although that default behavior can be overridden. This new clock change rate is called the “interpolated” clock change rate. The interpolated clock change rate is valid only between the old and new time record. For times past the new time record, the predicted clock change rate provides a more accurate prediction of future average SCLK behavior.
MISSION INDEPENDENCE
As part of the AMMOS system, the MMTC must not be tied to a specific mission or require major customizations. The Time Correlation application works with different and unrelated space mission ground systems. AMMOS applications must not be mission specific. The Time Correlation application reads SCLK values from CCSDS transfer frame secondary headers and the Earth Receipt Time (ERT) of the associated reference transfer frame received from the ground station in regular downlink telemetry. This is the “APL way” of performing Time Correlation. Note that the frame containing the SCLK will usually not be the one it is associated with.
The Time Correlation application reads XML format configuration data from the application configuration file. XML is a convenient and commonly used format for setting configuration parameters, and computes time correlations based upon the SCLK time contained in specified time correlation packets and the Earth Receipt Time (ERT) of the associated reference transfer frame received from the ground station in regular downlink telemetry. This is the “JPL way.”
[bookmark: _Toc46412938][bookmark: _Toc50622913]An Alternative Approach to Time Management on a NASA Mission
NASA deep space missions developed by the Johns Hopkins Applied Physics Laboratory (APL) use a similar approach to what was described above.  There are two onboard time elements to these missions:  (1) the spacecraft clock and (2) an onboard estimate of Earth Time.
Similar to the Mars Reconnaissance Orbiter (MRO) example given above, APL missions also have a spacecraft clock that is not adjusted after launch.  The primary difference between the MRO approach and the way APL missions handle the spacecraft clock is the method by which the spacecraft clock value (SCLK) is communicated to the ground.  
APL missions use the CCSDS downlink frame format standard defined in Blue Book (now Silver Book) 132.0, “TM SPACE DATA LINK PROTOCOL.”  This standard specifies that each downlink frame includes a primary header that contains an 8-bit master channel frame count (MCFC) and an 8-bit virtual channel frame count (VCFC).  Since current missions often downlink dozens of frames, or more, each second, neither the MCFC nor VCFC is sufficient for uniquely identifying the downlink frame for more than a few seconds when a high downlink bit rate is used.  A packet-based approach to downlinking the SCLK value to the ground would be challenged to uniquely identify the frame for which that SCLK value applies.  Instead, APL missions include the frame SCLK value in the frame mission-defined secondary header of every frame.  Typically that SCLK value refers to a previous frame.
This alternative approach has pros and cons compared to the MRO approach.  The APL method consumes a small amount of bandwidth but we have not found that to be an issue on any of our missions.  It is, however, simpler for Mission Operations to use as there is no need to command downlink of time correlation packets.
APL deep space missions also include an onboard estimate of Earth time that is used to support spacecraft pointing.  That Earth time estimate is used to access time-indexed onboard ephemerides so that the spacecraft knows where it is relative to other bodies and where it should point itself and onboard science instruments.  That estimate is computed from SCLK using several parameters that are updated by ground command when needed to ensure the onboard estimate of Earth time is sufficiently accurate.
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[bookmark: _Toc50622915]Time Correlation for space application
A precise and accurate datation of science data requires a careful design of the on-board time-distribution architecture and selection of a proper master clock. The stability and insensitivity to environment effects are the most important aspect for the selection of the on-board clocks. A special care is dedicated during the design of the payload to put the master clock in a shielded and controlled environment in order to minimize the effects of the harsh space environment conditions. In this section we will discuss the problems of data timing and time correlation for ESA Deep Space mission GAIA. One particular aspect of the data processing for GAIA mission is that every observation must be tagged with a stable and accurate time tag.
GAIA mission
GAIA is the second ESA space astrometry mission launched operationally since 2014. The GAIA mission objective is to chart a three-dimensional map of our Galaxy by surveying more than a thousand million stars. This huge stellar census will provide important data to understand the origin, structure and evolution of our Galaxy. The absolute time accuracy requirement for GAIA mission is 2 microseconds, split between the ground and space segments. This requirement is meet using one-way clock synchronization.
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[bookmark: _Toc50623672]Figure 5‑8: GAIA mission launch and operations requirement for the timing of GAIA
Each observation of GAIA must be tagged with the reading of the GAIA clock. As mentioned before, the rubidium free-running clock on board GAIA spacecraft I producing time tags that are called On-board Time (OBT). The OBT is  a technical time which reflects all the imperfections of the used clock on-board. OBT is a purely technical time with no a prior relation to any other time scales.
Timing requirements for GAIA mission consist of two parts. As usual in the discipline of time, we should distinguish between stability and accuracy of timing information. Some of the digital hardware components on board of GAIA like the CCD cameras must be driven by some frequency standard.
So far Space missions often use quartz oscillators  for this purpose. The stability of a state of the art space quality quartz can achieve10-9 in a thermally stable environment of GAIA, but it is not sufficient for GAIA. In fact, the scanning Law of GAIA implies rotations with an angular velocity  of 0.6 micro-arcsecond (µas) in 10 nanoseconds. The ultimate accuracy of centroiding for one observation is expected to be on the order of 10 µas. Systematic errors over periods of time shorter than the rotation periods are very dangerous for the quality of astrometric products of GAIA. 
It was decided during the design phase that no systematic errors over the rotational period of 6 hours or 21600 sec should be introduced by the time tags of the data. This means that the timing error should be below 10 nanosecond over the period of 21600 seconds, which implies the frequency stability of the on-board clock below 10-12. For this reason GAIA got an atomic (Rb) clock with the stability reaching ≤10-13 over the GAIA rotational period of 21600 seconds.  More details about the on-board clock is provided in the following section. 
Regarding accuracy, the official goal for the timing accuracy for GAIA was taken to be 1.7 microseconds. This accuracy represented a limit of accuracy achievable without any substantial upgrade of the timing hardware available at the ESA ground stations. 
On-board clock for GAIA mission
The GAIA on-board clock is a space qualify Rubidium Atomic clock Standard produced by Spectratime (nominal and redundant). This is the same kind of clock used by the Galileo GNSS program. Its specified frequency stability is better than 8.10-14 over 10000 seconds of integration time. Before launch, the clock of GAIA was tested in a laboratory environment over a long interval of time. The Figure 5‑9 present the stability measurements. These clocks are generated for the called on-board time (OBT). This OBT is used for time stamping of the event transmitted later to the ground-station where these events will be tagged in UTC upon reception. 
      [image: ]
[bookmark: _Ref43973922][bookmark: _Toc50623673]Figure 5‑9: Frequency stability of the GAIA RAFS represented by its Allan deviation from a test campaign before launch
In-orbit experience shows that ageing is negligibly small over non-visibility periods. In addition to the standards effects like drift, ageing, and random walk, the GAIA clock is also subject to frequency jumps. The jumps, typically on the order of 5x 10-12 and occurring less frequently than once a week, are observed for all atomic clocks in space. The origin of these  jumps are not fully understood, although some jumps are correlated with Rubidium-lamp light-level changes and others may be related to stress relief. 
The Rubidium clock of GAIA is a free running oscillator that should be monitored, related to and synchronized with widely-used time scales like UTC or TCB (Barycentric Coordinate Time), realization of which is based on ensemble of high-accuracy clocks on the earth. This is done using specially organized one-way synchronization observations between ESA ground stations and the GAIA satellite. Because of the high accuracy of GAIA observations and products, the observational data of GAIA must be interpreted and modelled in a consistent relativistic framework. This is also true for the GAIA on-board clock monitoring.
Clock Synchronization process : One-Way method
Several techniques enable the synchronization of remote clocks depending on the targeted accuracy. The problem of synchronization of the Earth-based clocks using different techniques and taking into account the General Relativistic framework in several articles like [17].
It is well know that the two-way approach is the most accurate and allows to relax the requirements of the remote clock and also cancel out the tropospheric delay. In general there are many technical ways to synchronize remote clocks. For a synchronization between two clocks separated by 1.5 million kilometers at the level of a microsecond, the two-way technique is the method of choice. Unfortunately the hardware deployed in the ESA Tracking Stations is not prepared for the two-way clock synchronization, therefore for GAIA mission, ESA used a straightforward one-way clock synchronization. 
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[bookmark: _Ref43973962][bookmark: _Toc50623674]Figure 5‑10: Schematic view of the one-way clock synchronization
In the case of GAIA the one-way clock synchronization can be summarized as following (illustrated also in Figure 5‑10):   
(1) Generation of the signal on-board the spacecraft that contains OBT value and transmit data packet called ‘time packet’
(2) After some internal delay the paquet is transmitted to the ground stations
(3) After propagation delay the time packet arrives to the phase center of the station antenna
(4) After some ground-station delay the content of the time packet is recorded by the station hardware by assigning a UTC value according to the local clock and store the time couple (OBT, UTC) in the data base.
Therefore the raw data for clock synchronization are the time couples (OBT, UTC). These time couples are obtained at irregular intervals of time with a typical interval of 1.5 sec between the subsequent time couples during the visibility periods of GAIA which refer to the periods of time during which GAIA can communicate with a ground station. Duration of the visibility periods varies depending on the data volume that should to be transmitted to the ground.
Time Transfer Model for GAIA
The accuracy of about 1 microsecond needed for GAIA implies a rigorous relativistic model for the one-way clock synchronization data described above. The model explicitly introduces the relativistic proper time of GAIA, which is denoted as TG and represents an ideal clock located at the GAIA center of mass. 
The displacement of GAIA’s atomic clock from the GAIA center of mass is fully negligible in the current context. The deviation between OBT and TG solely reflects the errors of the GAIA clock (ignoring possible constant phase shift).
The model of the time transfer data results in a series of reduced time couples (OBT,TG) that allow one to construct a relation between OBT and TG. As it was already pointed out, this relation reflects both the constant phase offset between OBT and TG (actual synchronization parameter that would persist even for ideal GAIA clock) and the imperfections of the GAIA clock. Since the GAIA clock is of high quality one can expect a simple relation between OBT and TG. On the other hand, the OBT–TG relation represents physical model of the Gaia clock as if the clock would be monitored in a laboratory. In this way the health status of the clock and its performance can be directly assessed. 
The scheme for the overall model for the time couples (OBT, UTC) is shown on Figure 5‑11. The main idea of the model is to compute the value TG (relativistic proper time of GAIA) that correspond to each OBT. On the other hand, the corresponding TG is computed from UTC in a number of steps, summarized in the following steps: 

(1) The ground-station delay is subtracted from UTC
(2) The moment of reception in TBC is computed using a series of  relativistic times
(3) The TCB moment of emission TCB is transformed into the corresponding moment of the Gaia proper time TG using the function TG(TCB) obtained as discussed above.
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[bookmark: _Ref43973978][bookmark: _Toc50623675]Figure 5‑11: Time Transfer Model for GAIA: modelling scheme
In order to complete this computation one needs number of auxiliary data like the coordinates of all ESTRACK stations in the International Terrestrial Reference Frame, including the Cartesian coordinates as well as the height above the geoid. Additionally a good assessment of the ground-station delays and on-board delays for each telemetry mode are key information for this model. For more details about the model used are given in more details in the following references [18], [19]. 
The overall modelling accuracy of this algorithm is about 30 nanoseconds and is limited by the error of the distance between GAIA and the ground stations. Fortunately, since the GAIA satellite is observed by Doppler and radar techniques, the uncertainty in geocentric radial distance does not exceed 6–10 m. This accuracy is more than enough for the one-way clock synchronization with an accuracy of better than 1 microsecond.
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[bookmark: _Toc50622917]Overview
This overview presents time correlation and time synchronization methods at DLR (Deutsches Zentrum fur Luft und Raumfahrt) for two different examples within the EDRS mission. Their on-board data handling is quite different so that principles of (i) frame based fixed telemetry can be compared with (ii) TM packet based methods which correspond to the ESA Telemetry and telecommand packet utilization (PUS) standard [20].
The consequence of these design-related differences are two distinct use cases: one spacecraft (i) has a free running on-board clock (OBC) and the ground has to correlate its clock (set to UTC) dynamically to the OBC; the other spacecraft (ii) on-board clock has to  be controlled in terms of a synchronization with the GPS time due to mission requirements, which in turn is to be correlated with ground clock in UTC. The time correlation follows in a static way as the conversion between GPS and UTC is known.
Both examples are part of the European Data Relay System (EDRS) system, also known as SpaceDataHighway, which is owned and commercially operated by Airbus. It is a European constellation of GEO satellites that relay information and data between spacecraft, UAVs and ground stations. The communication links consist of Ka-band antennas but also of laser communication terminals (LCT). The discussion is done following the principles of (i) EDRS-A data handling which has a synchronous, deterministic reporting of the on-board time data versus (ii) the EDRS-C satellite which allows an asynchronous reporting of on-board time data transmitted by CCSDS telemetry packets according the ECSS PUS standard [20] for time correlation.
[bookmark: _Toc50622918]Example for synchronous reporting of on-board time data 
The EDRS-A spacecraft sends cyclic telemetry where fixed TM allocations are transported TM frame by TM frame. 32 of these so-called minor frames constitute 1 major frame, which means, TM acquisitions are repeated after the reception of 32 minor frames. In addition to the fixed telemetry allocations there are also areas reserved for variable reporting mechanisms; however, like other near real-time related telemetry acquisitions also the OBC data have allocations within the fixed telemetry part of the frames. 
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[bookmark: _Toc50623676]Figure 5‑12: The fixed allocation of the on-board time report within the frame allows an alignment in time during recording on ground to provide a correlation-pair
The time management of the EDRS-A on-Board data handling (OBDH) has a precision of 0.1s and an end-to-end accuracy of 1 second. In addition to this platform related unit the payload (Laser Communication Terminal, LCT) has its own data handling unit with its own clock. Whenever the difference between both clocks (platform OBDH and LCT) exceeds a threshold the LCT clock is synchronized with the platform's clock. In following only time correlation methods of platform clock versus ground are discussed.
The onboard unit measures every second a coherent set of data which can be transmitted the next second to the ground. Samples of defined acquisitions are distributed across the major frame. The on-board time is part of these data and allows explicit time-stamps for the transmitted telemetry samples on ground.
The on-board clock is a free-running counter with 1 count ~ 1 sec and without predefined epoch. The ground clock - which follows the Coordinated Universal Time (UTC) - has to perform a time correlation to associate telemetry acquisitions (primary annotated with reported OBT) with UTC values. Typically, the time correlation follows a precision of at least 100ms. On basis of the gathered time correlation statistics the OBT timescale can be expressed in UTC and vice versa: e.g. to compute future events in OBT for uplink purposes like time-tagged commands or eclipse dates or to time-stamp downlinked on-board data in UTC for further analysis, respectively. Whenever a deviation of the on-board tick from 1 second above a given threshold is noticed a drift correction of the oscillator can be performed. If required the drift can be analyzed as a function in time and be adjusted properly.
For both time correlation and drift correction, statistics of OBT/UTC time correlation references (so-called time correlation pairs) are needed, which are based on pairs of synchronous on-board time stamp data versus ground time stamp data. Each of these time scales have their own representation. The OBT is defined by two telemetries representing a coarse time (the free running counter tick of ~1sec) and a fine time. The ERT is measured in UTC following UNIX time stamp representation or CCSDS definitions [22].
The OBT data reference is coupled to the so-called frame emission on-board time, downloaded in the first minor telemetry transfer frame. As the sample is part of the fixed telemetry data pool its transmission time serves as a synchronously reported alignment point versus reception time on ground.
The corresponding UTC timestamp is taken from the reception time of this minor frame on ground, the earth receive time (ERT), which is to be corrected by a given delay delta_T (spacecraft internal delays, the transmission time of space to ground, and ground related delays dependent from the ground station). 
Many on-board activities have to be associated with the on-board time (OBT) like time-tagged commanding (generation of the schedule and execution of commands) and analysis of telemetry. This is achieved by the time correlation procedure. The On Board Time T_board is expressed as a function of the ground time T_ground which is standard Universal Time, UTC : T_board = f(T_ground).
The function f is generally not known since it depends on the on-board clock drift and the initial reset of the free running clock (a counter). However, it is supposed that on a small time horizon, the expression is simplified following a linear relationship:
T_board = D * T_ground + O, where D and O are constant.
The determination of D is done by observing the drift of the on-board clock over a period. The determination of O is based on the assessment of T_board and T_ground at a given time: T_0_board , T_0_ground and O = T0 board – D * T0 ground . This operation is referred as time correlation.
During mission operations, whenever the first minor telemetry transfer frame of a major frame is received the transmitted reference of T_0_board is stored as first value of a new time correlation pair with associated T_0_ground: The time information T_0_board as elaborated by the central on-board software corresponds to the occurrence date of the leading edge of the first bit of the attached synchronization marker of received telemetry transfer frame (the ERT). This measurement is reported to the control center via SLE.
Delays – referred by constant O – have to be considered as it takes time to acquire the OBT until finally the corresponding ERT can be measures. As the EDRS-A spacecraft transmits the data pool of the fixed telemetry in a pre-determined, near-real-time way these delays are constant and known beforehand. One delay (i) is on-board, i.e. the time until the OBT acquisition is performed, copied to the allocation of the TM transfer frame and finally radiated by telemetry encoder, dependent from the telemetry transmission rate. The second delay (ii) is the propagation delay of the radiated signal between the location of the vehicle in space and the antenna on ground. It is fixed when being in the GEO but has to be considered as a function of the time when being still in the transfer orbit. If applicable, a third constant (iii) considers the delay of reception before the processing of the ERT is done, typically dependent of the base-band equipment of the antenna. Post-processing delays are not to be considered, e.g. deciphering processes shall not influence the already measured ERT. Leap seconds are typically corrected automatically during the antenna reception process. Jitters will influence the accuracy, for EDRS-A the end-to-end accuracy is estimated with 1 sec. The control center mission control software stores the gathered time correlation pairs for further processing.
In operations, based on the given archived samples of time correlation pairs a slope is fitted which allows an estimation of the gradient and offset to receive an expression for T_board = f(T_ground). The result is stored together with the deviation and a timestamp of the computation for future conversions of OBT / ERT values. The correlation is done dependent of the mission phase: automatically after each generation of a new correlation pair, on user request, or event driven whenever pre-defined thresholds for values D or O are reached. After a reset of the on-board processing unit the counter is also reset. Then also the basis of time correlation pairs has to be refreshed for a future time correlation computation. 
[bookmark: _Toc50622919]Example for asynchronous reporting of on-board time Data (example ECSS packet utilization standard, EDRS-C)
The data handling principles of the EDRS-C spacecraft follow the ECSS-Packet utilization Standard (PUS) where operation concepts and functions are subsumed by services with defined PUS service types and sub-types following the nomenclature (type,subtype) [21]. Besides standardized services each space project has the possibility to define mission-specific services. The time management service is standardized by the service number 9, where service requests and reports are grouped into the services (9,X). 
The EDRS-C on-board clock of the processing unit is built as a free running counter (1 tick = 1 sec) with a sampling frequency of 1/(2^16) for one second to constitute the on-board time (OBT) data. The OBT time representation follows the TAI epoch and shall be synchronized with the GPS time. The time information is reported with the help of the ECSS-PUS Service 9 so that the mission control system of the control center is able to do an estimation of a time correlation on basis of determined time correlation pair statistics (OBT|UTC). Detected offsets can directly synchronize the OBC. The payload of the relay satellite, the Laser Communication terminal (LCT) has its own data handling processor following the ECSS-PUS so that the LCT is able to use the platform’s clock.
In following the principles of the time reporting and correlation are discussed according the ECSS PUS definitions for the time management service [20]. Telemetry source packets and telecommand packets relating to the time management service are denoted by PUS, Service Type = 9. For reporting the OBT a generation rate of the OBT information can be controlled (1, 2, 4, 8, 16, 32, 64, 128 or 256) by telecommands defined by PUS Service (9,1). A pre-defined data structure is used to report the OBT to the ground, the Time Report (9,2). All time reporting sub-service have access to the satellite time reference consisting as a free running counter from a given epoch. The on-board time reference shall always be sampled at the instant of occurrence of the leading edge of the first bit of the attached synchronization marker of the telemetry transfer frame of Virtual Channel 0 where virtual channel frame count modulo (generation rate) = 0. The time reporting sub-service shall then downlink this satellite time reference in a spacecraft time source packet at any time before the satellite time reference is next sampled. Together with the OBT information also the generation rate can be reported in the same source packet. The time stamp is expressed by the CCSDS Unsegmented Code (CUC) format [22].
               [image: ]
[bookmark: _Toc50623677]Figure 5‑13: The Time Report Packet, TM (9, 2), can be associated with a corresponding virtual channel frame recording on ground to provide a time correlation pair
Whenever the ground software detects the downlink of the time report packet, the TM(9,2), it evaluates the corresponding transfer frame according to the reported rate from the historic telemetry data archive. The identified TM transfer frame is related to its reported earth-receive time (ERT) where delays have to be treated; as the correlation of OBT to its emission is already treated and systematic delays can be taken already into account by the on-board software only the propagation delay of the telemetry signal between space and ground has to be considered. The gathered information is stored as correlation pairs for further statistical evaluation. 
Whereas the time-reports of the on-board unit follow the TAI epoch, the on-board time (OBT) itself is required to be synchronized with the GPS time scale. Therefore a simple static conversion between OBT and UTC can always be performed on basis of the knowledge of given leap seconds. Also conversions of event times e.g. for time-tagged purposes are known beforehand.
During operations a predefined set of latest correlation pairs is analyzed continuously to provide a jitter-free estimation of the delay between the OBT and the ground time in UTC. Whenever a deviation above a given threshold is detected the on-board clock can be synchronized on basis of this value by a mission-specific telecommand. This operation is done, dependent from the mission phase, manually of fully automated dependent from a predefined threshold.
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[bookmark: _Toc50623682]Table 5‑2: Time calibration system of Japanese planetary explorations
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	Mission
	Purpose
	Period
	Time management

	Hayabusa
(MUSES-C)
	Asteroid sample return mission
	Launch: May 2003
Proximity:Sep.-Nov., 2005
Return: Jun. 2010.
	Create spacecraft clock and UTC mapping 

	Kaguya
(SELENE)
	Lunar orbiter
	Launch: Sep.2007
LOI: Oct. 2007
Nominal:Dec.2007-Oct.2008
Extend: Nov.2008-Jun.2009
	Create spacecraft clock and UTC mapping


	Akatsuki
(Planet-C)
	Venus Climate Orbiter
	Launch: May, 2010
VOI: Dec. 2015 (First VOI was failled in Dec. 2010)
	Create spacecraft clock and UTC mapping


	Hisaki
(SPRINT-A)
	Jupiter observation by EUV spectroscopy
	Launch: Sep., 14, 2013

	Create spacecraft clock and UTC mapping (new common system)

	Hayabusa2(Hayabusa2)
	Asteroid sample return mission
	Launch: Dec. 3, 2014
Proximity: Jun 27, 2018 to ...
	Create spacecraft clock and UTC mapping (new common system)

	Arase
(ERG)
	Exploration of energization and Radiation in Geospace
	Launch: Dec. 20. 2016
	Create spacecraft clock and UTC mapping (new common system)

	SLIM
	Pinpoint landing on the Moon
	
	Create spacecraft clock and UTC mapping (new common system)


[bookmark: _Toc50622921]System overview
Time calibration is composed of two steps:
(1) Creation of Time Calibration Table (UTC-TI mapping table) using Time Calibration System	Comment by Hamkins, Jon (US 3300): Time indicator
(2) UTC-TI mutual conversion with interpolation and extrapolation using Time Calibration Library in C language
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[bookmark: _Toc50623678]Figure 5‑14: System overview of Time Calibration

[bookmark: _Toc50622922]Time Calibration System
Operation of Time Calibration Packet
Spacecraft generates time-calibration packet to correspondent UTC to spacecraft clock. It consists of three steps: (1) Latch spacecraft clock of a transfer frame. (2) Virtual channel counter and spacecraft clock in the transfer frame are recorded into a time-calibration packet. (3) Send the time-calibration packet later.
Equation of the Calculation of Spacecraft Clock Latch Time
Spacecraft uses a concatenation of a convolutional code as the inner code with a Reed-Solomon code as the out code. In the convolutional code, the constraint length, K, is 7 bits following CCSDS 131.0-B-3 Page 3-1, which generates 7-bit delay to send. Figure Fig. 2 shows the latch timing and method to calculate from the earth receiving time, ERT, recorded when the first bit of attached sync marker, ASM, is reached. Some spacecrafts latch spacecraft clock when just after sending ASM, therefore, the latch time is calculated with ERT and one-way light time, OWLT, as

where bitrate is equivalent to 1/2 symbol rate. This equation does not include the circuit delay both of a spacecraft and the ground system, then we use the following equation in the actual spacecraft operation:

where  is constant to correct bitrate dependent delay, and  is constant to correct fixed delay.
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[bookmark: _Toc50623679]Figure 5‑15: Latch timing
Thinning of Time Calibration Packets
All time calibration packets are recorded, but packet thinning is required to stabilize the increasing rate of spacecraft clock. Time calibration table is provided after thinning of time calibration packets.

Judgement of discontinuity
Such as when spacecraft is reset, discontinuity is determined by the following formula:
[image: 時計 が含まれている画像
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Where s is maximum rate-change rate [ppm], delta TIstd is a standard rate, delta Tin is a target rate, epsilon maximum error between TI-UTC pair. Delta t is interval between TI-UTC pairs. Roll over of TI is not judged as discontinuity.
Time Calibration Table
Time calibration tables includes following main items:
· Spacecraft clock
· (Calibrated) UTC
· TI-UTC rate [second/tick]
· Flag of discontinuity
In addition, to calculate the values above, the source data is also recorded in the followings:
· Bitrate during operation
· Used ground antenna in operation
· Distance between spacecraft and ground antenna
· etc.
Time Calibration Library
Time calibration library is written in C-language and provide function to convert UTC to TI, or TI to UTC mutually. The spacecraft clock included in secondary header in CCSDS packet is converted to UTC using this time calibration library. Both interpolation and extrapolation are supported and users can convert spacecraft clocks easily by unified method
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[Enumerate examples as they relate to timing accuracy/resolution needed. Complete after mission survey data is available.]
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There are various types of continuous wave radiometric ranging to include harmonic (fixed and swept tone) and non-harmonic (PRN (Pseudo Random Noise) and BINary Optimum Range-BINOR) ranging. In addition, there are pulse type ranging schemes for Radio Frequency (R/F) and laser tracking. Following is PRN ranging discussion.
For this discussion, one-way radiometric ranging is defined as the process of sending a PRN signal to a spacecraft and recording the event on the spacecraft for subsequent downlink in telemetry. The subsequent arrival time of the telemetry is noted on arrival at the G/S as a Ground Receipt Time (GRT). GRT and time of transmission of the PRN are forwarded to the Mission Control Center (MCC). A corollary capability is for a spacecraft to broadcast a PRN signal to the ground and measure the GRT directly before forwarding the measurement to an MCC.
These methods of ranging have several attractive features. First in its simplest form, little cognizance by onboard systems is required. Second, it is simple to operate and definitive in solution. Finally, it can be extended to two-way ranging through the use of a turnaround ranging system in the space borne communications hardware and return the PRN signal to a G/S. The use of these techniques can provide timing and ranging benefits from Low Earth Orbit (LEO) to deep space.
There are several liabilities as well. For long roundtrip times as required for deep space vehicles, it may be necessary to have more than one G/S support an activity. In addition, measurements embedded in telemetry may be obscured and delayed by encryption on the downlink, if required. This is further complicated since the ground architecture may not have decryption capability widely dispersed beyond the MCC. Finally, uplink of a PRN signal reduces the total power available for the carrier-tracking loop, which may only be important for locked loop operations, notably near Earth.
A number of products or measurements can be produced based on these and similar methods:
· Time of Arrival (TOA)
· Time Difference of Arrival (TDOA)
· PRN correlation
· Doppler shift, and Accumulated Delta Range (ADR)
[bookmark: _Toc178581696]Use of these products can approximate position and a subsequent clock correlation can be determined, assuming the requisite algorithms are utilized.
[Vic to insert paragraph on telemetry ranging ideas.]

[bookmark: _Toc50622932]Spacecraft maneuvers
[Need author]
[bookmark: _Toc50622933]Multiple spacecraft coordination
[Need author]
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