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Abstract
This document describes the information available in satellite ephemeris, and how it may be used to assist decision making for handovers.
Summary of Ephemeris Information and Format
Key parameters of orbital mechanics of all commercial satellites are publicly available in multiple sources.  This information is called ephemeris, which is used by astronomers to describe the location and orbital behavior of stars and any other astronomic bodies.
Typically, ephemeris is expressed in an ASCII file using Two-Line Element (TLE) format.  The TLE data format encodes a list of orbital elements of an Earth-orbiting object in two 70-column lines. TLE is the de facto standard for such information, and is explained in the Wiki page https://en.wikipedia.org/wiki/Two-line_element_set.  The content of the TLE table is are reproduced below. 
	Field 
	Columns 
	Content 

	1
	01–01
	Line number (1)

	2
	03–07
	Satellite number

	3
	08–08
	Classification (U=Unclassified)

	4
	10–11
	International Designator (Last two digits of launch year)

	5
	12–14
	International Designator (Launch number of the year)

	6
	15–17
	International Designator (piece of the launch)

	7
	19–20
	Epoch Year (last two digits of year)

	8
	21–32
	Epoch (day of the year and fractional portion of the day)

	9
	34–43
	First Time Derivative of the Mean Motion divided by two [11]

	10
	45–52
	Second Time Derivative of Mean Motion divided by six (decimal point assumed)

	11
	54–61
	BSTAR drag term (decimal point assumed) [11]

	12
	63–63
	The number 0 (originally this should have been "Ephemeris type")

	13
	65–68
	Element set number. Incremented when a new TLE is generated for this object.[11]

	14
	69–69
	Checksum (modulo 10)

	
	
	

	
	
	

	
	
	




	
	
	

	Field 
	Columns 
	
	Content 

	
	
	
	

	1
	01–01
	
	Line number (2)

	2
	03–07
	
	Satellite number

	3
	09–16
	
	Inclination (degrees)

	4
	18–25
	
	Right ascension of the ascending node (degrees)

	5
	27–33
	
	Eccentricity (decimal point assumed)

	6
	35–42
	
	Argument of perigee (degrees)

	7
	44–51
	
	Mean Anomaly (degrees)

	8
	53–63
	
	Mean Motion (revolutions per day)

	9
	64–68
	
	Revolution number at epoch (revolutions)

	10
	69–69
	
		Checksum (modulo 10)
	






From its TLE format data, several models can be used to calculate the location of an object revolving about the earth in the earth-centered, earth-fixed (ECEF) Cartesian x, y, z coordinate as a function of time.  The instantaneous velocity at that time can also be obtained. In ECEF coordinate, z-axis points to the true North, while x axis and y axis intersects 0-degres latitude and longitude respectively. The ECEF frame of reference is explained at the Wiki page   https://en.wikipedia.org/wiki/ECEF.
An example of ephemeris converted into ECEF format for the Telestar-19 satellite is shown below as an example below.
Epoch (day, hr, min, sec)	 X[km]	   Y[km]	       Z [km] dX/dt[km/s] dY/dt[km/s] dZ/dt [km/s]
 2018-10-26 02:00:00.000   19151.529   -37578.251   17.682   -0.00151      -0.00102        -0.00106
 2018-10-26 02:05:00.000   19151.073   -37578.556   17.359   -0.00152       -0.00101       -0.00109
 2018-10-26 02:10:00.000   19150.614   -37578.855   17.029   -0.00154       -0.00099       -0.00112
 2018-10-26 02:15:00.000   19150.150   -37579.151   16.690   -0.00155       -0.00098       -0.00114
. . .
Given a specific point in time, it is straightforward to calculate the satellite location by interpolation.  It should be mentioned that the example given above is a geosynchronous satellite, the epoch interval is 5 minutes.  For LEO satellites, the intervals may be much shorter, on the order of seconds.
Use of Ephemeris for Handover Determination
For fixed satellite earth stations, its geolocation can be determined at installation.  For mobile terminals, availability of its location in terms of latitude, longitude and altitude may be obtained through GNSS.  It is straightforward to convert the location into the ECEF coordinate.  Once in the same coordinate system, the azimuth and elevation angle pointing to each satellite potentially visible for the location can be determined.  This information can be used by antenna steering mechanism for initial antenna pointing of a new satellite to be used.
LEO constellations are typically designed such that each earth station has at least one or more satellites to cover it.  The list of potential handover candidates can be generated by searching in the current and next epoch of the satellites in the network whose elevation angles from the earth station are above certain minimum threshold (say 20 degree).  Presumably, this list includes the current serving satellite.
Qualified handover candidates typically need to have higher elevation angles than the current serving satellite.  Furthermore, their elevation angles can stay above the threshold for a reasonable duration of time to minimize frequent handovers.  This can be determined by the velocity of each candidate satellite.  One may choose longer coverage against better elevation angle, if so desired.  A terminal initiated handover procedure is triggered when the elevation angle of the serving satellite is about to move below certain threshold and a qualified candidate is available. 
With both the satellite location and earth station location available, it is not difficult to perform beam to beam handover within the same satellite for non-steerable satellites when the beam pattern of the satellite is available.  From the satellite location in ECEF coordinate, the boresight of the satellite can be determined.  Applying the beam patterns of the satellite, the serving beam, and the candidate beam for handover can also be determined if we have the trajectory of the satellite motion as well as the location of the earth station.  A beam to beam handover can be triggered when a beam can better cover the earth station than the current serving beam.  
Shortcomings of Handover for LEO Satellite Networks Based Only on Measurements
Satellite earth stations using mmWave frequencies generally require directional antennas.  Pointing such antenna to the satellite requires general knowledge of the satellite location with respect to the earth station.  Otherwise, a search over the entire open space would take a long time.  Because the LEO satellites move relatively fast, the problem is made worse.  Typical measurement based approach needs to measure the signal strength of candidate satellites as well as the serving satellite before handover, the problem is compounded further.
Even though the main lobe of a satellite beam generally behaves well, the side lobes are often irregular.  It is particularly more so at large scan angles.  As such, signal strength measurements can be distorted by interference from spurious side lobes of a different but cochannel beam, or a different satellite.  This problem can be made more severe with low directivity user terminal antennas typical for S-band. Interference can also be derived from multipath.  Often, they can be sufficiently strong to trigger handover decisions unnecessarily or to cause handovers to an incorrect beam or incorrect satellite.
Therefore, handover for LEO satellite networks based only on measurements can be either too slow or unreliable.
Conclusions
The satellite location and movement can be calculated from ephemeris and time precisely.  Satellite transmission depending on line of sight, the best serving beam and the best serving satellite can easily be determined geometrically given the available satellites, their beam pattern and the earth station location without uncertainty.  For earth stations with high gain antennas, the information is also available to steer those antennas to the right direction.  Therefore, it is proposed that satellite ephemeris and earth station geolocation are being used for handover decisions in LEO satellite networks.
Observation 1. Satellite ephemeris and time can be used in conjunction with satellite earth station location to make precise handover decision between LEO satellites, or between beams of the same satellite.
Observation 2. For satellite earth stations using high gain antennas, satellite ephemeris and time can be used in conjunction with the earth station geolocation to steer its antenna to a candidate satellite.
Measurements of candidate satellites, however can be used to complement the ephemeris-based handover in challenging situations when line of sight of the best candidate satellite is obstructed by building or terrain.
Observation 3. Measurements can be used to complement satellite ephemeris and earth station geolocation to make handover decision in challenging terrain.
Proposal 1.  The use of satellite ephemeris, time and UE location shall be considered to make handover.
Proposal 2. Measurement of signal strength can be considered to complement the handover decision based on geometrical calculation from satellite ephemeris, time and UE locations.
[bookmark: _Toc527965844]Text Proposal

7.1 Requirements and Key Issues 

7.1.X Satellite ephemeris
Key parameters of orbital mechanics of all commercial satellites are publicly available in multiple sources.  This information is called ephemeris, which is used by astronomers to describe the location and orbital behavior of stars and any other astronomic bodies.
The ephemeris for each object is expressed in an ASCII file using Two-Line Element (TLE) format.  The TLE data format encodes a list of orbital elements of an Earth-orbiting object such as a satellite in two 70-column lines. TLE is the de facto standard for such information.

From its TLE format data, several models can be used to calculate the location of an object revolving about the earth in the earth-centered, earth-fixed (ECEF) Cartesian x, y, z coordinate as a function of time.  The instantaneous velocity at that time can also be obtained. In ECEF coordinate, z-axis points to the true North, while x axis and y axis intersects 0-degres latitude and longitude respectively.  With a time epoch appropriately selected for the object, the ephemeris is computed at regular intervals expressed in x, y. z, coordinate, and the time derivatives of x, y, z coordinate, forming a table that is convenient for use.  Instantaneous location and velocity of the object can be interpolated from the entries of the table for any point in time.  The location of the object can also be converted to latitude, longitude, and altitude if desired.
7.3.2        Connected mode mobility enhancements

Editor’s note: RAN2 will study impacts and possible enhancements to Mobility (hand-over)

7.3.2.n Triggering hand-over using satellite ephemeris

With locations of both satellite and earth station expressed in the ECEF coordinate, the azimuth and elevation angle pointing to the satellite can be determined. This information can be used by antenna steering mechanism for initial antenna pointing of a new satellite to be used.  At any given time, a list of potential handover candidates can be generated by searching in the current and next epoch of the satellites in the network whose elevation angles from the earth station are above certain minimum threshold desired.  This list includes the current serving satellite.
A terminal initiated handover is triggered when the elevation angle of the serving satellite is about to move below certain threshold. The terminal then search for a candidate among the list for a qualified handover candidate.  This candidate needs to have higher elevation angle than the current serving satellite. Its elevation angle also needs to stay above the threshold for a reasonable duration of time to minimize frequent handovers.  This duration can be determined by the velocity of the candidate satellite.  One may choose longer coverage against better elevation angle, if so desired.
After a candidate satellite is selected, the earth station makes a signal strength measurement of the candidate satellite to verify its availability.  If otherwise, satellite may be blocked by terrain or building, and the next available alternative can be considered.  If no other candidate is immediately available, the terminal may continue to use the current serving satellite until the candidate satellite is becomes available.
[bookmark: _GoBack]Similarly, with locations of both the satellite and earth station available, beam to beam handover within the same satellite for non-steerable satellites can be based on the beam patterns of the satellite.  From the satellite location in ECEF coordinate, the boresight of the satellite can be determined.  Applying the beam patterns of the satellite, the serving beam, and the candidate beam for handover can be determined given the trajectory of the satellite motion and the location of the earth station.  A beam to beam handover can be triggered when the earth station about to cross the boundary between the serving beam and a candidate beam.  
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