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1 Introduction
[bookmark: _Hlk117748718][bookmark: _Hlk510705081]The following agreements were made at RAN2#121 under 8.20.2 [1]:

Agreements:
RAN2 to investigate if there are clarifications needed to the specification as to how the Yaw and APC (and associated parameters) are currently handled.
RAN2 to continue discussing if additional parameters are needed to address the APC and Yaw.

Our goal at RAN2#121-bis-e is to address the first objective to determine whether any clarifications are needed on how the Yaw and APC are currently handled in the specifications. This will establish a baseline for addressing the second objective at RAN2#122 to identify if additional extensions are needed.
A comprehensive background on the Yaw and APC concepts was provided in [2][3][4][5]. In these previous submissions it was identified that R16 is unclear on how these topics are handled. Although the submissions identify some generalisations and interoperability enhancements, in this submission we will solely focus on any needed clarifications to the interpretation of the current R16 specification.
2 Discussion
In R16 we added support for PPP-RTK based on ‘Compact SSR’ from QZSS CLAS and this submission focuses on how the Yaw and APC are currently handled in CLAS and as such how these messages were translated to LPP.
2.1 How is the Yaw handled in CLAS and LPP?
The initial version of CLAS (IS-QZSS-L6-001) specifies the following on page 90 [6]:
Note that in the phase wind up computation, a satellite yaw angle* used for the computation is always zero. It is not necessary to use a satellite attitude model.
* The satellite yaw angle is defined as the rotation angle around the satellites radial axis and represents the angle between the satellites along-track vector and satellites X-axis in the satellites along-track, across-track plane counter positive clockwise.
As Release 16 SSR was derived from CLAS it can be inferred that LPP also inherited the ‘zero-yaw condition’, i.e. the NW must pre-correct for yaw and it is not possible to send yaw parameters in the assistance data, however this is not explicitly called out in the R16 specification. Currently LPP only includes a reference to the CLAS specification where the note above can then be found in the CLAS text [6]. 
Observation 1: LPP inherited a zero-yaw assumption from CLAS but this condition is not explicitely described in LPP or the Stage 2 specifications.

Although CLAS is one type of implementation, it is not the default approach supported by all corrections providers. Others send yaw explicitely, allowing the UE to correct for phase wind-up locally and to compensate for additional variations in the PCO. For example, the IGS SSR standard [7] and draft RTCM standards also specify a yaw message.
Observation 2: The zero-yaw condition is not valid for all corrections vendors and therefore without clarification could be a source of interoperability issues.
As a first step, we propose to clarify the current interpretation of yaw:
· Proposal 1: In TS36/38.305 agree to add NOTE 3 to explicitly describe the zero-yaw condition for the existing SSR Phase Bias element – see Appendix A.

START OF CHANGE
8.1.2.1.24	SSR Phase Bias
SSR Phase Bias provides the GNSS receiver with the GNSS signal phase bias that are added to the carrier phase measurements of the corresponding signal to get corrected phase ranges. An indicator used to count events when phase bias is discontinuous is provided. An optional indicator is also provided to indicate whether fixed, widelane fixed or float PPP-RTK positioning modes are supported on a per signal basis.
NOTE 1:	On the UE side, phase bias corrections of appropriate type are needed to restore the integer nature of the phase ambiguities in PPP-RTK. Their absence will affect the quality of the positioning solution and prevent a fast convergence time.
NOTE 2:	PPP-RTK Fixed position mode corresponds to the UE fixing the carrier phase ambiguity to an integer value. The PPP-RTK Widelane Fixed positioning mode corresponds to forming the widelane combination of carrier phase measurements and fixing the resulting ambiguity as an integer value. In PPP-RTK Float positioning mode the carrier phase ambiguity is not treated as an integer value.
NOTE 3:	The SSR Phase Bias values must be consistent with a satellite yaw angle of zero as per [43].
[bookmark: _Toc37338199][bookmark: _Toc46489042][bookmark: _Toc52567395]For integrity purposes, SSR Phase Bias also provides the mean and standard deviation that bounds the residual Phase Bias Error and its associated error rate.
END OF CHANGE

As a second step, as per the agreements above, we suggest RAN2 continue discussing the latest proposal in [8] for adding the SSR Phase Bias with Yaw assistance data element to LPP.

2.2 How is the APC currently interpreted in CLAS and LPP?
CLAS does not transmit PCO or PCV information in the assistance data, it partially absorbs this information into the SSR Phase Bias message instead. The benefit of this approach is that it minimises the magnitude of the PCO/PCV correction as much as possible at the NW without needing to send additional assistance data. The downside is that it does not fully compensate for the satellite PCO/PCV effects meaning the residual PCO/PCV remains uncorrected and is user-location dependent in its magnitude. 
The reason this approach works well for CLAS is that the service only covers a small geographic region (Japan) such that the magnitude of the residual PCO/PCV is minimied geographically. For users that can tolerate a slight degradation of performance this is fine. For global services however, the SSR corrections should be capable of meeting a consistent level of performance worldwide and should be optimised globally, not regionally. 

In practice there are multiple methods already adopted among the GNSS indsutry for handling the PCO/PCV offsets and ensuring the associated PCO/PCV model is fully accounted for in the implementation. The easiest way to communicate these implementation options is a simplified illustration:




Figure 1: Different implementations for how the PCO and PCV are handled
[image: ]
	Example 1: IGS supports this option

Orbit corrections reduced to COM

PCO/PCV model values must be applied consistently at the NW and UE

Pros 
PCO/PCV model fully accounted for

Cons
Higher bandwidth

Most implementations typically handle 
some PCO/PCV offsets at NW already

Relies on good satellite attitude model

	Example 2: IGS, RTCM, commercial 

ARP is implementation-dependent

PCO/PCV model values must be applied consistently at the NW and UE
Pros
PCO/PCV model fully accounted for

Flexible choice of ARP

Flexible implementation methods

Cons
Minor bandwidth increase

	Example 3: CLAS, Galileo HAS, commercial

ARP is implementation-dependent

PCOs set to zero and biases adjusted to compensate for zenith PCO. PCVs updated to include residual (non-zenith) component of PCO

Pros
Minimises magnitude of PCO/PCV correction for users who do not consume these corrections (e.g. due to bandwidth) and who can tolerate slight performance degradation, e.g. CLAS, HAS

Cons
Incompatible with services that do not set PCO=0. If PCV is not sent then error magnitude is implementation & user-location dependent

Bandwidth improvement may not be realised in practice if service does send PCV


From Figure 1 we observe that CLAS is a subset of Example 3 in which the residual PCO/PCV error remains uncorrected at the UE. Geometrically, these residual PCO/PCV errors can be up to ~4cm in magnitude. 4cm is approximately 20% of the error fixing budget for a signal wavelength of 20cm, which has the potential to impact fixing rates for precise SSR positioning.
As in the case of Yaw, it can be inferred that LPP inherited the same behaviour from CLAS and that the NW should attempt to minimise the UE error given the UE does not apply any PCO/PCV correction, i.e. the UE must not apply any PCO/PCV correction from an external source. Unfortunately the CLAS specification [6][9] itself is not explicit about this behaviour, and therefore it should be clarified in LPP so as to avoid the possibility of interoperability issues.
An example of how this could result in an interoperability issue is that one UE may assume the NW has accounted for the APC in its existing corrections, whereas another could interpret that the NW did not account for APC and applies an APC correction from a third party such as IGS ANTEX. This would result in significant positioning errors if the UE and NW adopted different interpretations of the current specification.
There are several implications we can derive from the above:
· Like CLAS, in LPP there is currently no explicit ability for the UE to handle the PCO/PCV meaning these offsets must be handled at the NW, which may save bandwidth but will introduce residual errors at the UE. 
· There is no requirement in LPP for the NW to follow a CLAS implementation. The UE makes no assumptions on the conditions imposed by the NW other than the NW being responsible for mitigating the PCO/PCV.

2.2.1 Note on the Satellite ARP
As shown in Figure 1 the orbit corrections are always referenced to a satellite Antenna Reference Point (ARP) and thus the meaning of this term is important for interpreting both the current and proposed functionality in LPP (Section 2.3), as the PCO is also defined with respect to the ARP.
Fundamentally, the satellite ARP is some reference point along the satellite antenna which is set by the service provider. As shown in Figure 1, typical choices can include the satellite COM, the phase center of the antenna at a specific frequency (e.g. L1), or some combination of frequencies (e.g. the ionosphere free combination) etc. This choice is not explicitly communicated to the UE; it is implicit to the SSR orbit correction, i.e. the orbit correction defines the ARP by providing the offset between the broadcast ephemeris and the ARP. 
The UE therefore makes no assumptions on the ARP and simply accepts that all corrections used together should yield a consistent solution. This is important because existing services use different satellite ARPs and then adjust the PCO/PCVs proportionally at the NW. In each Example in Figure 1, the UE does not require knowledge of the ARP; the UE is only concerned with knowing the PCO/PCV offsets and Phase Bias correction relative to the ARP.
We think it’s helpful to clarify the meaning of the satellite ARP in Stage 2 such that UE should make no assumptions about satellite ARP (e.g. there has been some confusion on whether implementers must assume the same reference point as the broadcast ephemeris when applying the orbit correction, which is not the case).
RTCM also recently clarified the satellite ARP convention in their own PCO/PCV message proposal. The clarification does not change the meaning of the current interpretation in LPP, it simply minimises any ambiguity with respect to the current interpretation. It also reinforces the NW’s responsibility to ensure the PCO/PCV/satellite ARP are handled consistently in each of the corrections, which is true for LPP today and the future extensions proposed in [8].
· Proposal 2: In TS36/38.305 agree to add the clarifying text on satellite ARP and APC – see Appendix A.

START OF CHANGE
[bookmark: _Toc12632683][bookmark: _Toc29305377][bookmark: _Toc37338195][bookmark: _Toc46489038][bookmark: _Toc52567391][bookmark: _Toc124536561]8.1.2.1.21	SSR Orbit Corrections
SSR Orbit Corrections provides the GNSS receiver with parameters for orbit corrections in radial, along-track and cross-track components. These orbit corrections are used to compute a satellite position correction, to be combined with satellite position calculated from broadcast ephemeris (see clause 8.1.2.1.7).
[bookmark: _Hlk131583455]The orbit corrections define an offset between the broadcast ephemeris orbit and a satellite antenna reference point (ARP) to which the other corrections refer. The exact definition of the reference point along the satellite antenna is implementation-defined by the service provider and use of all corrections together shall yield a consistent solution.
The UE should not apply any additional corrections for the Satellite Antenna Phase Center (APC) such as Phase Center Offset (PCO) or Phase Center Variation (PCV) corrections. The service provider may form the SSR corrections to minimise the impact of Satellite APC effects on the UE.
For integrity purposes, SSR Orbit Corrections also provides the correlation time for orbit error and orbit error rate, and the mean and standard deviation that bounds the residual Orbit Error and its associated error rate. The SSR Orbit Corrections also includes the satellite and constellation residual risks. These residual risks are the aggregate residual risk for the satellite or constellation Signal in Space including Orbit, Clock, Bias and all other satellite or constellation feared events, but excluding atmospheric effects.
When applying the integrity bounds as per 8.1.1a, the mean and stdDev must be calculated by projecting the Orbit error mean and variance along the line-of-sight vector between the satellite and the user, according to the following formula:
stdDevorbit =																		(Equation 8.1.2.1.21-1)
meanorbit = 

where:	I: 3-D line of sight vector from the user to the satellite in the WGS-84 ECEF coordinate frame.
R: the rotation matrix from satellite along-track (AT), cross-track (CT) and radial (RA) coordinates into the WGS-84 ECEF coordinate frame. RT denotes the transposed matrix.
v: the 3-D Orbit error variance vector expressed in satellite along-track, cross-track and radial coordinates.
: the Mean Orbit Error vector expressed in satellite along-track, cross-track and radial coordinates.

The vector v is expressed in the SSR Orbit Corrections as the three elements in the Variance Orbit Residual Error Vector.
END OF CHANGE
2.3 Updated APC Text Proposal
The changes in this document are focused on how to clarify the interpretation of the current specification. As discussed above and in [2][3][4][5], these clarifications also highlight that the current specification imposes significant constraints onto the NW implementation and is not in line with industry norms or other standards (IGS, RTCM), and that beyond R16 we should discuss generalising these topics to allow for interoperability with a wider range of implementations.
[bookmark: _Hlk131594139]We have also updated the APC text proposal which has been submitted for reference under AI 7.24.2 [8].
2.4 Summary observations
· In LPP the handling of Yaw and APC topics is inferred from CLAS but not explicitly specified.
· Clarification is needed to prevent the possibility of interoperability issues.
· The Yaw should be explicitly clarified to follow the “zero yaw” condition consistent with CLAS.
· The APC handling is not explicitly specified in CLAS, however it is generally known that with CLAS the UE is not intended to apply additional PCO/PCV corrections.
· LPP should clarify that the UE should not make additional PCO/PCV corrections.
· This behaviour is limiting to NW implementations and it should be discussed if generalisation is needed as per the second objective of the RAN#121 Agreements [1]
3 Conclusion
In this contribution we make the following proposals: 
· Proposal 1: In TS36/38.305 agree to add NOTE 3 to explicitly describe the zero-yaw condition for the existing SSR Phase Bias element – see Appendix A.

· Proposal 2: In TS36/38.305 agree to add the clarifying text on satellite ARP and APC – see Appendix A.

· Proposal 3: Agree to the draft CR (Appendix A) for Proposals 1 and 2.
· Final CRs to be produced upon agreement at the meeting (R16 CAT F; R17 CAT A).
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· Final CRs to be produced upon agreement at the meeting (R16 CAT F; R17 CAT A).
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/**Skip unmodified parts**/
8.1.2.1.21	SSR Orbit Corrections
SSR Orbit Corrections provides the GNSS receiver with parameters for orbit corrections in radial, along-track and cross-track components. These orbit corrections are used to compute a satellite position correction, to be combined with satellite position calculated from broadcast ephemeris (see clause 8.1.2.1.7).
The orbit corrections define an offset between the broadcast ephemeris orbit and a satellite antenna reference point (ARP) to which the other corrections refer. The exact definition of the reference point along the satellite antenna is implementation-defined by the service provider and use of all corrections together shall yield a consistent solution.
The UE should not apply any additional corrections for the Satellite Antenna Phase Center (APC) such as Phase Center Offset (PCO) or Phase Center Variation (PCV) corrections. The service provider may form the SSR corrections to minimise the impact of Satellite APC effects on the UE.
For integrity purposes, SSR Orbit Corrections also provides the correlation time for orbit error and orbit error rate, and the mean and standard deviation that bounds the residual Orbit Error and its associated error rate. The SSR Orbit Corrections also includes the satellite and constellation residual risks. These residual risks are the aggregate residual risk for the satellite or constellation Signal in Space including Orbit, Clock, Bias and all other satellite or constellation feared events, but excluding atmospheric effects.
When applying the integrity bounds as per 8.1.1a, the mean and stdDev must be calculated by projecting the Orbit error mean and variance along the line-of-sight vector between the satellite and the user, according to the following formula:
stdDevorbit =																		(Equation 8.1.2.1.21-1)
meanorbit = 

where:	I: 3-D line of sight vector from the user to the satellite in the WGS-84 ECEF coordinate frame.
R: the rotation matrix from satellite along-track (AT), cross-track (CT) and radial (RA) coordinates into the WGS-84 ECEF coordinate frame. RT denotes the transposed matrix.
v: the 3-D Orbit error variance vector expressed in satellite along-track, cross-track and radial coordinates.
: the Mean Orbit Error vector expressed in satellite along-track, cross-track and radial coordinates.

The vector v is expressed in the SSR Orbit Corrections as the three elements in the Variance Orbit Residual Error Vector.
NEXT CHANGE
/**Skip unmodified parts**/
8.1.2.1.24	SSR Phase Bias
SSR Phase Bias provides the GNSS receiver with the GNSS signal phase bias that are added to the carrier phase measurements of the corresponding signal to get corrected phase ranges. An indicator used to count events when phase bias is discontinuous is provided. An optional indicator is also provided to indicate whether fixed, widelane fixed or float PPP-RTK positioning modes are supported on a per signal basis.
NOTE 1:	On the UE side, phase bias corrections of appropriate type are needed to restore the integer nature of the phase ambiguities in PPP-RTK. Their absence will affect the quality of the positioning solution and prevent a fast convergence time.
NOTE 2:	PPP-RTK Fixed position mode corresponds to the UE fixing the carrier phase ambiguity to an integer value. The PPP-RTK Widelane Fixed positioning mode corresponds to forming the widelane combination of carrier phase measurements and fixing the resulting ambiguity as an integer value. In PPP-RTK Float positioning mode the carrier phase ambiguity is not treated as an integer value.
NOTE 3:	The SSR Phase Bias values must be consistent with a satellite yaw angle of zero as per [43].
For integrity purposes, SSR Phase Bias also provides the mean and standard deviation that bounds the residual Phase Bias Error and its associated error rate.
/**Skip unmodified parts**/
END OF CHANGE
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