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7.2.5.3.9
1 Introduction
GERAN Working Group 2 (WG2) is currently considering standardized support for GNSS extended orbits (sometimes also referred to as Long Term Orbits).  Four approaches have been presented in the past in order to support extended orbits in GERAN specifications. Here we summarize the four approaches defined so far and compare their relative advantages and disadvantages. The criteria for comparison comprise efficiency (i.e. relative amount of data transmission), complexity and flexibility. We show that a number of other criteria can be considered as components of these three primary criteria.
2 Rationale for Extended Orbit Support
GPS receivers are becoming common in consumer electronics and are starting to become standard components in wireless handsets and other communication devices. In the future, additional Global Navigation Satellite Systems (GNSSs), such as Galileo, GLONASS, and others, will become available in addition to GPS to improve accuracy, robustness, response time and reliability. To speed the processing of these receivers, a daily or weekly download of a “helper file” can be used to improve performance also for standalone GNSS receivers, including A-GNSS capable receivers performing in standalone mode when roaming.  That file contains precise information about the GNSS Satellite Vehicles (SVs) position and timing calibration over a period of time from typically 1 to 7 days in the future.  This helper file provides numerous performance improvements for standalone GNSS:

· Battery life is extended because the standalone GNSS receiver need not demodulate such Ephemeris information from the GNSS signals.

· GNSS receiver sensitivity is enhanced also for standalone GNSS because signal levels usable for position fixes can be much lower than signal levels required for Ephemeris demodulation.

· The time it takes a standalone GNSS receiver to go from turn-on to first reported position fix is reduced from minutes to seconds because Ephemeris need not be demodulated.

Several proposals for this helper file have been presented in GERAN in the past which are summarized and compared in this contribution. Note that all examples given in this contribution are based on GPS, since no Galileo data are currently available, and all results presented previously in GERAN were based on GPS only.
3 Alternative Approaches for Supporting Extended Orbits
3.1. Full Ephemeris (Approach 1)
Normal broadcast GPS Ephemeris data format might be sent to an MS without compression as a sequence of data sets each covering a successive 4 hour period. This approach is basically proposed in [1], and references therein. The nominal broadcast ephemeris validity period of 4 hours may be extended to e.g., 6 or more hours, if additional errors can be tolerated. The example in [2] shows, that for GPS orbits the additional error is minimal for 6 hours fit intervals.
3.2. Delta Ephemeris (Approach 2)
GPS “Delta-Ephemeris” has been presented at GERAN#33 in [2].  This method reuses the Ephemeris orbital model which is specified in the GPS Interface Control Document (ICD). Instead of sending Full Ephemeris sets for each 4 or 6 hours fit interval (Approach 1), only the Delta (i.e., difference) between the new and previous Ephemeris sets are sent. The value range for the Delta parameters proposed in [3] has been developed for GPS orbits. 
3.3. Compressed Delta Ephemeris (Approach 3)
A compressed version of GPS “Delta-Ephemeris” approach has been presented at GERAN WG2#33bis in [4]. This approach is based on the assumption that some Ephemeris parameters can be re-constructed from previous values, and therefore, do not have to be sent more than once per satellite per set. It would require the definition of additional algorithms to recover the parameters not sent as described in [4] but might achieve higher efficiency compared to the Delta-Ephemeris proposal (Approach 2). Since for the Delta-Ephemeris proposal (Approach 2) the value range of the parameters is fixed and most likely developed based on GPS orbits (at least no background for the value range has been provided yet), a fallback to the Full Ephemeris approach (Approach 1) is included in this proposal. I.e., if the Delta-Ephemeris approach should fail for a particular orbit or GNSS, the Full Ephemeris Approach 1 is selected as fallback. As shown in [8], it seems that such fallback may be needed very often because the additional compression that this approach defines seems not to be able to accurately reconstruct the full ephemeris data. This implies that the method may be less efficient than delta ephemeris (Approach 2).
3.4. Almanac Corrections (Approach 4)
The Almanac Corrections approach has been presented first at GERAN#32 [5], and additional results have been presented in [6] and [7] at GERAN#33 and GERAN2#33bis, respectively. This approach is based on the fact that all GNSS systems natively provide some form of long term orbit description (i.e., Almanac). Since the Almanac is not precise enough for position calculation, the correction terms for the Almanac are sent to the MS. The correction terms encode the difference between the Almanac orbits and precise orbits obtained from Ephemeris at the SMLC. Hence, instead of sending the Ephemeris or corrections to the Ephemeris (Delta-Ephemeris) to the MS, only corrections to the Almanac are sent, which results in a very efficient message size. 

The following sections provide a comparison of the different approaches using the criteria efficiency (i.e. relative amount of data transmission), complexity and flexibility.

4 Efficiency

For use in GERAN control plane, the value of a small file size, and hence a minimized use of Over the Air resources is paramount.  In this section, the file size requirements of each approach are compared. 
4.5. File Size Requirements

We calculate the file sizes required to send all the information to support a 28 SV GPS constellation for 7 full days of orbit.  We find the file sizes including a reasonable estimate of “overhead” bits, including

· extended Ephemeris orbit data;
· any initialization almanacs or ephemeredes required for each approach;
· any signaling messages used to define the data format for each approach.
With these file sizes computed we can compare the bit-efficiencies of the four methods.   

4.5.1 Approach 1: Full Ephemeris

The standard GPS Ephemeris for all 28 SVs for every 4 hour interval could be sent to provide coverage of all times in the 7 days without any duplicate coverage from overlapping ephemeredes.  This is a reasonable baseline for “uncompressed” Extended Orbit information.  In addition to the 422 bits of data describing 1) Keplerian orbital elements and 2) clock bias model, we would also send 6 bits to allow the identification of the particular SV with each set of Ephemeris elements.  Thus we conclude that sending Full Ephemeris would require 

7 days × 6 Ephemeredes/day × (422 + 6) bits × 28 SVs

= 503,328 bits 

= 62,916 Bytes 

= 61.4 KB.  (Note: 1 KB = 1024 Bytes in this document).  

4.5.2 Approach 2: Delta-Ephemeris

We extrapolate from [3] with some necessary overhead added to determine file size.  First, there must be 28 full GPS Ephemeredes, including clock correction and with SVID, to provide the first 6 hour period of orbit.  That costs 28 × (422 + 6) bits = 11984 bits.  Next there must be 27 further 6 hour periods for each of 28 satellites, each of these including 292 Delta-Ephemeris bits plus 6 bits of SVID.  That costs 28 × 27 × (292 + 6) bits = 225,288 bits.  So total file size for Delta-Ephemeris is

11,984 bits + 225,288 bits

= 237,272 bits

= 29,659 Bytes

= 29 KB.

Compared to the baseline (Approach 1), the Delta-Ephemeris approach reduces the required file size by 53%. 
4.5.3 Approach 3: Compressed Delta-Ephemeris

We conclude in [8] that Compressed Delta-Ephemeris will typically have to fallback to full ephemeris (Approach 1) and may thus often not achieve any reduced file size. Nevertheless, to evaluate the very best case where it may possibly work for some particular 7 day period, we can extrapolate from [4] with some necessary overhead added to determine file size. Similar as for Approach 2, there must be 28 full GPS Ephemeredes, including clock correction and with SVID, to provide the first 6 hour period of orbit, which costs 11984 bits.  Next there must be 27 further 6 hour periods for each of 28 satellites, each of these including 183 Delta-Ephemeris bits plus 6 bits of SVID.  That costs 28 × 27 × (183 + 6) bits = 142884 bits.  So total best case file size for Compressed Delta-Ephemeris is

11,984 bits + 142,884 bits

= 154,868 bits

= 19,359 Bytes

= 18.9 KB.

Compared to the baseline (Approach 1), the Compressed Delta-Ephemeris approach would reduce the required file size by 69% in the best case. And compared to the Delta-Ephemeris Approach 2, the Compressed Delta-Ephemeris approach would reduces the file size required by 35%. 
Evaluation in [8] shows that fallback to Approach 1 will typically be needed which increases the file size to that of Approach 1. 

4.5.4 Approach 4: Almanac Corrections

This is based on [7].  First, we must have one standard GPS almanac for each SV: 28 × 180 bits = 5,040 bits.  We then have 332 bits of data payload for each SV for each 12 hour period of orbit covered [7] (i.e., 14 sets are needed to cover a week) plus a 6 bit SV ID.  In order to be applicable to all possible future orbits and to reduce the overhead as much as possible, a variable format is proposed for the Almanac Corrections. This requires including a format descriptor in the message of 244 bits (i.e., 4 descriptors for Ra, At, Xt and CB, using 12, 13, 13, and 2 coefficients, respectively), together with 4 x 8 bits for the format descriptor ID. In addition, a 4 bit fit interval together with 18 bits for reference time and week number is needed. This results in 244 + 32 + {14 x [22 + (28 x (6+332))]} = 133,080 bits for the Almanac Corrections. So the total Almanac Corrections message including Almanac would then be

5,040 bits + 133,080 bits

= 138,120 bits

= 17265 bytes

= 16.9 KB.

Compared to the baseline (Approach 1), the Almanac Corrections reduce the required file size by 73%. Compared to the Delta-Ephemeris Approach 2 by 42%, and compared to the Compressed Delta-Ephemeris approach by 11 to 73%, dependent on the required fallback rate. 
4.5.5 Summary of File Size Requirements

The file size requirements to provide extended orbit information for 7 days and 28 GPS satellites are summarized in the Table below. 
	Method
	File Size (for 7 days orbit and clock)

	Approach 1: Full Ephemeris
	61.4 KB

	Approach 2: Delta-Ephemeris
	29 KB

	Approach 3: Compressed Delta-Ephemeris 
	18.9 – 61.4 KB (Note 1)

	Approach 4: Almanac Corrections
	16.9 KB

	Note 1: The actual size depends on the amount of fallback required.


4.6. Criteria related to Efficiency 
The main advantage of higher efficiency is to reduce the amount of assistance data download. This leads to tangible benefits in a number of other areas as described below.
4.6.1 Transfer Delay

Support of A-GPS using GPRS access is so far very little deployed. Therefore for GSM networks, most A-GPS support will occur using circuit mode. For RRLP messages in circuit mode, APDUs, are sent with SAPI=0 with multiframe operation over SDCCH or FACH. Typically, the MS will be in idle mode and need to make use of an SDCCH whose throughput capacity will be around 1000 bits/second. At that rate, a 7 day 28 SV ephemeris download using approach 2 (Delta-Ephemeris) will take around 3 minutes and 57 seconds (ignoring message headers which will add some additional fraction of this time). With approach 3 (Compressed Delta-Ephemeris), the same download would take between 2 minutes and 35 seconds and 8 minutes and 23 seconds depending on the amount of fallback. Using approach 4 (Almanac Corrections), the download will take around 2 minutes and 18 seconds. And without any compression (Approach 1), it will take around 8 minutes and 23 seconds. These download times apply for GPS only receivers. If additional GNSSs are supported in the future, the delay times will be multiplied by the number of GNSSs supported. E.g., for combined GPS and Galileo receivers, the amount of data download and hence delay time will be doubled.
4.6.2 Network Transmission Resource Usage

A network operator may like to keep all its home subscribers who not currently roaming always updated with current ephemeris data to allow standalone GNSS to be used instantaneously. This would be highly beneficial for location applications like direction finding or person finder where the standalone GNSS user or other client needs an accurate location quickly and cannot tolerate significant delay and no assisted GNSS capability is supported by the serving network. However, the burden on the SMLC could then become very high. For example, in order to keep 10 million MS users continually updated with ephemeris data for 28 SVs every 7 days, an SMLC would need to transmit orbit data (ignoring extra data for message headers) at an average continuous rate of 3.92 Mbps using Approach 2 (Delta-Ephemeris), 2.56 to 8.32 Mbps using Approach 3 (Compressed Delta-Ephemeris), 2.28 Mbps using Approach 4 (Almanac Corrections), and 8.32 Mbps without any compression (Approach 1). These rates would be reduced per SMLC (though not reduced in aggregate) if an operator used a separate physical SMLC for each BSC (or for each MSC or SGSN) though could still be significant unless the operator has very many SMLCs. Again, considering support for additional GNSSs, the numbers would be multiplied accordingly. E.g., for combined GPS/Galileo receivers, the throughput values would all be doubled.
4.6.3 Broadcast Resource Usage

Broadcast of long term orbital data could be used (in a later Release) as an alternative to the point to point delivery assumed above to reduce the SMLC load. It is unlikely that all point to point assistance would be replaced however – e.g. considering legacy terminals and networks that would not initially support it. Moreover, even for broadcast, the same type of relative comparison will emerge as described above regarding the delay and transmission resources needed for support.
4.6.4 MS Storage Usage
A smaller file size may be useful if it is desired to keep long term orbital data in limited non-volatile memory able to survive loss of power – e.g. when the MS battery is drained or replaced. Hence, the file size requirements have also an impact on storage requirements in the MS, and it is generally desired to keep the memory requirements at a minimum. 
5 Complexity

In order to compare the complexity of each approach, the required steps at MS and SMLC to support each of the four methods is outlined below.

5.7. Required Steps at SMLC and MS

5.7.1 Approach 1: Full Ephemeris

The non compression technique (Full Ephemeris) could be implemented as follows.  

At the SMLC:

1) A set of long term orbit and clock predictions is acquired stretching at least seven days into the future for the examples given here.  

2) SV Clock parameters are fit using polynomial fit methods to find a 2nd order polynomial fit for each SV in each 4 hour interval over the seven day period.

3) A somewhat general minimization routine must be run to determine the Keplerian parameters that go into broadcast format ephemeredes.  It is the mean square difference between Keplerian orbit predicted and Long Term Orbit predicted which is minimized for each SV in each 4 hour interval over the seven day period.  

4) The Keplerian ephemeredes are packed in messages and sent to the mobile.  

At the MS:

1) The mobile determines which set of Keplerian Ephemeris parameters apply when it is seeking to determine the position, clock biases, or velocity of a particular SV.
2) The mobile uses routines it already has for determining SV positions from standard Keplerian Ephemeredes.

5.7.2 Approach 2: Delta-Ephemeris

The Delta-Ephemeris could be implemented as follows.  

At the SMLC:

1) A set of long term orbit and clock predictions is acquired stretching at least seven days into the future for the examples given here.  

2) SV Clock parameters are fit using polynomial fit methods to find a 2nd order polynomial fit for each SV in each 6 hour interval over the seven day period.

3) A somewhat general minimization routine must be run to determine the Keplerian parameters that go into broadcast format ephemeredes.  It is the mean square difference between Keplerian orbit predicted and Long Term Orbit predicted which is minimized for each SV in each 6 hour interval over the seven day period.  

4) The series of delta-Ephemeredes are generated from the calculated Keplerian parameters.
5) Delta-ephemeredes are packed in messages and sent to the mobile.  

At the MS:

1) The mobile determines which set of Keplerian Ephemeris or Delta-Ephemeris parameters apply when it is seeking to determine the position, clock bias, or velocity of a particular SV.
2) The mobile generates Keplerian parameters by starting with its most recent Ephemeris format data and adding to it successive delta-Ephemeris values until it comes up to their correct Epoch.  

3) The mobile uses routines it already has for determining SV positions from standard Keplerian Ephemeredes.

5.7.3 Approach 3: Compressed Delta-Ephemeris 

The Compressed Delta-Ephemeris method could be implemented as follows.  

At the SMLC:

1) A set of long term orbit and clock predictions is acquired stretching at least seven days into the future for the examples given here.  

2) SV Clock parameters are fit using polynomial fit methods to find a 2nd order polynomial fit for each SV in each 6 hour interval over the seven day period.

3) A somewhat general minimization routine must be run to determine the Keplerian parameters that go into broadcast format ephemeredes.  It is the mean square difference between Keplerian orbit predicted and Long Term Orbit predicted which is minimized for each SV in each 6 hour interval over the seven day period.  

4) The series of delta-Ephemeredes are generated from the calculated Keplerian parameters.  This must be done for each Epoch of ephemeris one after the other, as there is an interaction between the next epoch value of some Keplerian parameters and the current epoch calculated values of first and second derivative of these parameters.  

5) Delta-ephemeredes are packed in messages and sent to the mobile.  

6) Where Delta-ephemeredes could not be calculated, full ephemeredes are sent to the mobile.  

At the MS:

1) The mobile determines which set of Keplerian Ephemeris or delta-Ephemeris parameters apply when it is seeking to determine the position, clock bias, or velocity of a particular SV.
2) The mobile generates Keplerian parameters by starting with its most recent Ephemeris format data and calculating successive delta-Ephemeris values until it comes up to their correct Epoch. For the reconstruction of some ephemeris parameters, the algorithms described in [4] are used. 
3) The mobile uses some logic to determine whether the delta or full ephemeris parameter is sent for a particular SV, particular parameter and particular set. The reconstruction of the Ephemeris is then dependent on whether full or delta ephemeris parameter is sent. 
4) The mobile uses routines it already has for determining SV positions from standard Keplerian Ephemeredes.

5.7.4  Approach 4: Almanac Corrections 

The Almanac Corrections could be implemented as follows.  

At the SMLC:

1) A set of long term orbit and clock predictions is acquired stretching at least seven days into the future for the examples given here.  

2) SV Clock parameters are fit using polynomial fit methods to find a 2nd order polynomial fit for each SV in each 6 hour interval over the seven day period.

3) Unit vectors for Ra At Xt spatial axes are calculated in a straightforward fashion from SV position and velocity vectors calculated from the standard Almanac using standard routines.  

4) The “correction signal,” extended orbit in ECEF XYZ coordinates difference with SV Almanac Positions in ECEF XYZ coordinates are generated, and expressed in Ra, At, Xt spatial coordinates using dot products with the unit vectors found in 3).  

5) The “correction signals” found in 4) are fit to polynomials using a standard technique which consists in little more than inverting a Vandemonde matrix.  This solves the minimum mean square error fit of the correction signal to a polynomial function.  

6) Polynomial fit coefficients are packed in messages and sent to the mobile.  

At the MS:

1) The mobile determines which set of Polynomial fit coefficients apply to this epoch and this SV.

2) The mobile evaluates the polynomials to determine “correction signal” at the desired epoch.

3) The mobile calculates SV Almanac Position and Velocity from standard Almanac processing routines.  

4) The mobile uses SV almanac position and velocity routines to calculate Ra, At, and Xt unit vectors using vector cross and dot products.  

5) The mobile reconstructs “correction signal” in ECEF XYZ coordinates using 2) and 4), and adds it to SV Almanac Position from 3) to find precise prediction of SV position and clock bias.  

5.8. Discussion of Complexity

While it is clear that there is some difference in complexity between these approaches, they all appear to be in the range of “low complexity.”  

5.8.1 Orbital Models in the SMLC
While the GPS standards today require the use of Keplerian orbital parameter to calculate SV positions and velocities, with the Ephemeris based extended orbit approaches (e.g., Approach 2/3) it would now be required to generate those Keplerian orbital parameters at the SMLC.  So far, the only Keplerian parameters in use in GERAN have been those broadcast by the SV.  So a new complex operation which must be handled to implement any of the Ephemeris based proposals is the generation of Keplerian orbital parameters.  

By contrast, the Almanac Corrections proposal does not require the generation of minimum mean square fitting Keplerian parameters.  But it does require the calculation of 1) unit vectors in the Ra, At, Xt axis system and 2) polynomial fits to the “correction signals”.  1) The unit vectors are calculated using dot and cross products of SV position and velocity vectors found from standard Almanac processing routines.    2) the polynomial fits to “correction signals” come from a well developed (technically and theoretically) field.  The method consists of little more than inverting a Vandemonde matrix and taking dot products of columns of that inverted matrix with the sequence of “correction signal” values.  

Indeed, the generation of polynomial fits is less complex in operation than the generation of minimum mean square Keplerian parameters, which is done using iterative techniques.  

5.8.2 Finding SV positions in the Mobile

In the ephemeris based methods, the complexity in the mobile consists of needing to track the various methods of incremental ephemeris change that have been sent to it, to reconstruct the correct Keplerian parameters for the epoch for which it seeks SV position.  For Almanac Corrections, that tracking is slightly easier since Almanac corrections does not rely upon the accumulation of changes to get to its current value, each fit in Almanac Corrections is relative to the same, Almanac based, baseline.  

In Almanac Corrections, the mobile must call Almanac routines for generating SV position and velocity predictions at the desired epoch.  The mobile must engage in a trivial number of cross and dot products to regenerate Ra, At, and Xt unit vectors from these Almanac positions and velocities.  The mobile must evaluate 4 polynomials at the current epoch.  Finally, it combines the results above to generate an SV position.  The difference in complexity appears to be minimal: 4 polynomial evaluations, and a few dot and cross products are added for Almanac Corrections, while tracking and accumulating Keplerian parameter changes across multiple delta-ephemeris entries are added for ephemeris based compression methods.  

5.9. Conclusion on Complexity

None of these techniques is especially complex in the mobile.  Each involves using standard routines for evaluating Almanac and Ephemeris positions.  Each involves a trivial amount of additional calculation, on the one hand accumulating and extrapolating Keplerian parameter values across a set of incremental change instructions, on the other hand evaluating a few polynomials and doing a few cross and dot products.  In the mobile, complexity is thus not significant.  

Complexity in the server is also seen as not especially significant.  Evaluating Keplerian parameters is not something that has been required in previous versions of GERAN specifications: these have all relied on broadcast ephemeredes created by the operators of the GPS system.  For Almanac Corrections, a coordinate transformation and a polynomial fit must be performed: each of these involves extremely basic operations of trivial complexity compared to almost any other function of a GPS receiver.    
6 Flexibility

The Delta-Ephemeris and Compressed Delta-Ephemeris proposals are both based on fixed format ephemeris parameters and include a value range which is likely developed based on GPS orbits. Hence, it is currently unknown whether these value ranges are sufficient for Galileo orbits. This is also acknowledged in [4], and hence, [4] proposes a fallback to full ephemeris (Approach 1) if needed. This fallback would increase the required file size significantly, as shown in section 4 above. In addition, with or without fallback, it is unlikely that the same approach can be applied to other GNSS systems such as GLONASS. In addition, there is no currently defined way to tradeoff accuracy against data download size: the fixed data amount is always downloaded even though in some limited bandwidth cases (e.g. GSM circuit mode), it might be more effective to download a smaller amount of data with some small impact (of just a few meters) in location accuracy. 
The Almanac Corrections proposal (Approach 4) on the other hand is fully generic. Any GNSS has some form of coarse long term orbit model (i.e., Almanac) and some precise orbit model (i.e., Ephemeris). There will always be a difference between these two orbit models which can be described in the form of a polynomial expansion. The Almanac Corrections proposal will work in the same way for any future GNSS, as for example GLONASS. 

In addition, the proposed format is fully flexible in terms of bits per polynomial coefficient, number of coefficients, etc. This not only allows the method to be applicable for any GNSS, it also allows a tradeoff of accuracy versus file size requirements for any GNSS. As shown in [7], if a lower accuracy can be tolerated for certain applications, a considerably smaller file size would be needed. An accuracy parameter to allow the MS to request a certain accuracy, and for the SMLC to provide the obtained accuracy can be added to the message formats. 
Given that the Almanac Corrections approach is applicable to any GNSS, and can provide various levels of accuracy it is considered the most flexible and future proof approach among the four alternatives proposed so far in GERAN.
7 Conclusions and Recommendation
In this contribution, the four alternatives proposed so far in GERAN to support extended orbits have been summarized and compared in terms of efficiency, complexity, and flexibility. A ranking is proposed between 1 (worst) and 5 (best) for each criterion. The Table below summarizes the comparison described in this contribution.
	Criterion
	Approach 1: Full Ephemeris
	Approach 2:
Delta Ephemeris
	Approach 3:
Compressed Delta Ephemeris
	Approach 4:
Almanac Corrections

	Efficiency
	1
	3
	2 (Note 1)
	5

	Complexity
	3
	3
	3
	3

	Flexibility
	2
	2
	2
	5

	Total:
	6
	8
	7
	13

	Note 1: Efficiency appears to be less than Approach 2 due to fallback to Approach 1. 


Due to the above ranking, we recommend to include Approach 4 in GERAN Release 7. 
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