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1 Introduction

Long-Term-Orbit support for Galileo has been proposed in [1]. The “multi-mode navigation” model being included in [2] supports delivery of ephemeris and clock correction data originating from an external source (e.g., not provided by the Galileo Open Service broadcast signal). This ephemeris and clock correction data may have prolonged validity periods, and multiple time-aligned models for each satellite could be delivered to the MS. 
For Galileo (and similar for other GNSSs), the size of the ephemeris and clock correction data is about 430 bits per satellite. Assuming a nominal Galileo constellation of 27 satellites, delivery of the ephemeris and clock correction data for the complete constellation would require about 11610 bits to be transmitted to the MS. The current proposal for the “multi-mode navigation” model allows sending up to 8 models per satellite. This means, that a maximum number of about 92880 bits (or about 11610 octets) has to be delivered to the MS inside an RR Application Information message. For RRLP, the maximum PDU size is 242 octets. This means that about 48 RRLP components (one in each RRLP message) are needed to deliver this large amount of information! 
Note also, that this amount of data gets multiplied by the number of constellations which have to be supported. Considering Galileo and GPS, the amount of data required to support long term orbits using the ephemeris data would be doubled.
This contribution demonstrates that the amount of bits required for support of extended orbits can be reduced significantly by using the almanac information in the MS (natively supported by all GNSSs) together with correction data calculated at the SMLC instead of the ephemeris and clock correction data currently being proposed. 
2 Background

Taking GPS as an example, satellite orbits can be modelled as a modified elliptical orbit with correction terms to account for various perturbations.  In a GPS system, the orbit of the satellite can be represented using either almanac or ephemeris parameters. The relative short-term ephemeris data provides a very accurate representation of the orbit of the satellite. In contrast, the long-term almanac data provides a truncated reduced precision set of the ephemeris parameters.  Consequently, raw satellite positions derived from almanac data tend to be much less accurate (~1km) than those derived from the detailed ephemeris data (~1m). In addition, the almanac provides truncated clock correction parameters. 

The almanac for GPS requires only about 192 bits per satellite. Assuming a constellation of 27 satellites, about 5184 bits would be required to deliver the almanac for the complete constellation to the MS (similar to Galileo).  

However, the satellite location and clock correction computed using almanac data are not useful to compute the location of the MS. The SMLC has accurate (and probably extended) ephemeris information as well as almanac data available. Each ephemeris and clock correction model usually covers a 4 hour time span with great accuracy.  To cover a 24 hour period, the SMLC could send 6 ephemeris and clock correction models for each of the 27 SVs in the constellation, which would require about 8700 octets to describe the satellite positions for a full day. 

In this contribution, we propose a method for significantly reducing the number of bits required.  The SMLC can calculate the difference between satellite locations and clock bias which have been computed using almanac data and (predicted) ephemeris data. These “Almanac Corrections” will vary in time, but with proper choice of coordinate system the variation will be relatively smooth.  These corrections can then be characterized by a polynomial in time, with only the polynomial coefficients being sent in the message. 

3 Almanac Corrections

The concept of Almanac corrections is illustrated in Figure 1 below.  The actual orbit track is shown in red.  The orbit track predicted by the Broadcast Almanac is shown in blue.  At any instant in time, there is a spatial difference between where the almanac says the SV will be and where some more accurate orbit predictions says it will be.  That difference can be encoded in an orthogonal coordinate system.  


[image: image1]
Figure 1: Principle of Almanac Corrections.
Over for example a six hour period, that correction is expressed as a function of time in that coordinate system.  Those functions of time can be fit to polynomials of relatively low order, 6th and 7th order polynomials are proposed here.  In addition to spatial corrections, a 1st order polynomial describes the difference between broadcast almanac predicted clock bias and the clock correction parameters (or some more accurate predictions which may be available at the SMLC).  

The 4 sets of polynomial coefficients are sent to the MS, along with information to associate these coefficients with a particular SV, a particular time interval, and a particular broadcast almanac.  The MS will need to receive a new copy of broadcast almanac about once per week, and the SMLC must calculate the almanac corrections using a version of the almanac which the mobile already has, or can get. 

Once the MS has the polynomial coefficients and time of applicability, the mobile can generate accurate predictions of SV position and clock bias.  For any particular time during the period of applicability of the corrections, the mobile can find the accurate SV position and clock bias as follows:

1) Generate almanac predicted SV position in ECEF coordinates using its copy of broadcast almanac, call this PosAlm.

2) Generate the spatial correction to almanac by plugging in the current time to the polynomials defined by the coefficients it has received.
3) Convert the corrections found in 2 to ECEF coordinates, call these PosCor.
4) Then the MS predicts satellite location in ECEF coordinates:
PosSat = PosAlm + PosCor.  

The same steps are performed to determine accurate clock bias.
Therefore, Almanac Corrections consist of 4 dimensions of information: The 3 spatial dimensions to describe the position error, and the time dimension, which describes the clock bias of the satellites. The orthogonal axes in which the spatial Almanac Corrections are described are as follows (see Figure 1):
Ra: “Radial”; a unit vector pointing from the Almanac satellite position to the center of the earth.  

Xt: “Across Track”;  Xt = Ra × Vel / |Ra × Vel|.  Vel is the Almanac satellite velocity vector.  Xt is therefore perpendicular to both Ra and the direction of motion of the satellite.  

At: “Along Track”; At = Xt × Ra.  
In the above, × indicates a vector cross product.  
The Along Track unit vector is almost parallel to the satellites velocity vector, but not quite, because Vel is not exactly perpendicular to Ra due to orbital eccentricity.  

The axes defined above are a function of time since they depend on the instantaneous position of the SV along its orbit.  Note that these axes are based on the Almanac estimate of satellite position.  This allows the axes be calculated before the corrections are calculated.  
4 Polynomial Fits
The Almanac Corrections are described as polynomial coefficients. Those polynomial coefficients are calculated by the SMLC. The SMLC could perform the following steps in order to calculate the almanac corrections: 
1) The SMLC obtains precise predictions of GNSS orbit and clock bias e.g., from the satellite broadcast signal or from an external source. 
2) The SMLC obtains the broadcast almanac in the format supported by the particular GNSS.

3) If the SMLC has the ephemeris and clock corrections with extended fit intervals available, the SMLC could divide the orbit and clock bias predictions into N hour time periods.  For each of the N hour period the following steps are performed to generate polynomial fits:
a. The precise orbit predictions are used to form a time series of satellite position in ECEF coordinates.  These satellite positions are defined as PosSat.  

b. The broadcast almanac is used to predict the satellite positions in ECEF coordinates. These satellite positions are defined as PosAlm.

c. PosCor = PosSat – PosAlm defines the almanac correction vectors in ECEF coordinates.

d. The satellite position PosSat is used to calculate Ra, Xt, and At unit vectors as described in section 3 above.

e. The time series of the component of correction along the radial axis Ra is obtained by calculating the dot product: RaCor = PosCor · Ra.

f. Similarly, the time series of the cross track and along track corrections XtCor and AtCor are calculated.  

g. The almanac correction for the clock bias is calculated as CBCor = CBSat – CBAlm, where CBsat and CBalm are the clock corrections using the precise clock model and almanac clock model, respectively. 
h. The Time Of Correction ToC, is defined as the time expressed in seconds at the center of the N hour interval for which the corrections have been calculated.  

i. A scaled time coordinate is defined: d = N*(t – TOC)/1039.  d is a unitless number ranging from -1.732 to 1.732 across that N hour interval.  
j. Find polynomial coefficients for the radial corrections so that 

                         RaCor = Ra0 + Ra1*d + Ra2*d2 + Ra3*d3 + Ra4*d4 + Ra5*d5+ Ra6*d6

is a good approximation to RaCor. The coefficients should be chosen so that the polynomial approximates RaCor with minimum mean square error.  

k. Similarly find 7th order polynomial coefficients for the cross track and along track corrections Xt0, Xt1, Xt2 Xt3, Xt4, Xt5, Xt6, Xt7, At0, At1, At2 At3, At4, At5, At6, At7.

l. Finally, find CB0 and CB1, a 1st order polynomial fit for the clock bias correction CBCor.
5 Message Format

The message sent from SMLC to the MS will contain the polynomial coefficients for the almanac corrections. Each element of the below message supports a N hour period of orbits.  Longer terms than N hours are supported by sending multiple time-aligned elements, each designed for a different N hour period.  
Table 1: GNSS Almanac Corrections content
	Parameter
	# Bits
	Scale Factor
	Units
	Incl.

	The following fields occur once per message

	Num_Sat
	5
	1
	---
	M

	Fit Interval 
	4
	1
	h
	M

	Almanac ID
	See Table 2
	---
	---
	M

	Reference Time ToC
	16
	24
	s
	M

	The following fields occur once per satellite (Num_Sat times)

	SV ID
	6
	---
	---
	M

	Almanac Orbit Corrections
	See Table 3
	---
	---
	M

	Almanac Clock Corrections
	See Table 4
	----
	---
	M


Num_Sat
This field specifies the number of satellites that are included in the provided GNSS Almanac Correction element.
Range: 1-32 
Fit Interval

This field specifies the Fit Interval in hours. 
Range: 
1 – 16 h
Reference Time ToC

This field specifies the reference time of the almanac correction set.  

SV_ID

The field specifies the SV ID for which the GNSS Almanac Correction Elements is given. 
Range: 
0 – 63

Table 2: GNSS Almanac ID

	Parameter
	# Bits
	Scale Factor
	Units
	Incl.

	Almanac ID for GPS, Galileo

	Week Number
	8
	1
	weeks
	O

	Toa
	8
	212
	s
	O

	IODa
	2
	---
	---
	O

	Almanac ID for GLONASS

	Day Number
	3
	1
	days
	O

	Toa
	21
	2-5
	S
	O


Table 3: Almanac Orbit Corrections

	Parameter
	# Bits
	Scale Factor
	Units
	Incl.

	Ra0
	9
	0.11
	m
	M

	Ra1
	10
	0.11
	m
	M

	Ra2
	12
	0.11
	m
	M

	Ra3
	13
	0.11
	m
	M

	Ra4
	14
	0.11
	m
	M

	Ra5
	15
	0.11
	m
	M

	Ra6
	16
	0.11
	m
	M

	Xt0
	8
	0.55
	m
	M

	Xt1
	9
	0.55
	m
	M

	Xt2
	11
	0.55
	m
	M

	Xt3
	12
	0.55
	m
	M

	Xt4
	14
	0.55
	m
	M

	Xt5
	15
	0.55
	m
	M

	Xt6
	15
	0.55
	m
	M

	Xt7
	15
	0.55
	m
	M

	At0
	8
	0.55
	m
	M

	At1
	9
	0.55
	m
	M

	At2
	11
	0.55
	m
	M

	At3
	12
	0.55
	m
	M

	At4
	14
	0.55
	m
	M

	At5
	14
	0.55
	m
	M

	At6
	15
	0.55
	m
	M

	At7
	17
	0.55
	m
	M

	Total
	288
	
	
	


Ra0 … At7, (all the polynomial coefficients)
These fields list the polynomial coefficients of various orders for the Almanac Corrections.  The polynomials are in a scaled unitless time variable d which ranges from -1.732 to +1.732 over the fitted interval.  

Table 4: Almanac Clock Corrections

	Parameter
	# Bits
	Scale Factor
	Units
	Incl.

	GNSS Signal ID
	2
	---
	---
	O (Note 1)

	N_SGN
	3
	1
	---
	M

	The following fields occur once per GNSS Signal ID (N_SGN times)

	CB0
	5
	0.5
	s
	M

	CB1
	11
	0.5
	s
	M

	Note 1: Absence of this field means L1


GNSS Signal ID
This element identifies the GNSS Signal.
Table 5: GNSS Signal ID
	GNSS Signal ID
	Indication

	Galileo

	GALILEO_E5A
	0

	GALILEO_E5B 
	1

	GALILEO_E6
	2

	Reserved 
	3

	GPS

	GPS L2
	0

	GPS L5
	1

	Reserved
	2

	Reserved
	3


6 Performance of Fits
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Figure 2: Residual Pseudorange Error from Almanac Corrections.
The performance of Almanac Corrections was determined using the GPS system for which we have ample historical data.  We used GPS Ephemeris as our source of precise orbit and clock bias.  We used N = 6 hours Fit Interval.  We fitted +/- 4 days around TOA, generating 32 sets of polynomial coefficients to span that 8 day period.  As figure of merit we consider the pseudorange prediction error at various points on the earth’s surface.  By pseudorange error, we mean the additional residual error introduced into a pseudorange measurement because of the inexact representation of precise values.  

Typical results are shown in Figure 2.  The distribution of pseudorange errors is shown. The total RMS error averaged over the entire 8 days that this Almanac was used is about 1.0 m.  
The Table 7 below compares message size for the currently proposed ephemeris based orbit calculations with the here proposed almanac based orbit calculations. The numbers are obtained by assuming a Galileo constellation of 27 satellites, ephemeris and clock corrections of about 430 bits/SV.  The message size for the almanac corrections is 304 bits/SV as shown in section 5 above. 

Table 7: Message Size Comparison

	Ephemeris

[octets]
	Almanac Corrections

[octets]
	Message size reduction

[%]

	1452
	1026 
	30%


7 Conclusion and Recommendation

This contribution has introduced the concept of employing almanac corrections for UE-Based GNSS positioning in general through demonstrating the performance of a GPS system.  This approach requires a smaller number of bits to carry this information. The current proposed method for long-term orbits is based on sending the ephemeris parameters which requires about 30% more bits to transmit the information.  

Therefore, it is proposed to adopt a more cautious approach when agreeing on a baseline proposal for the introduction of Galileo in GERAN (see also Tdoc GP-062065 [3]). A more thorough evaluation of all GNSS enhancements should be carried out before including any of them in the baseline proposal for Galileo support. 
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