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Introduction
[bookmark: _Hlk510705081]In Rel-16 native NR, positioning support was standardized, and in Rel-17, enhancements were made. At RAN#94, a new SI “Study on expanded and improved NR positioning” was approved for enhancements for Rel-18 NR positioning. One of the objectives of this enhancement was to introduce the carrier phase-based positioning method for further accurate positioning realizing in sub meters. 
The study was concluded in the meeting RAN1#111, and based on the agreements of the study, the following work item description was endorsed in RAN#98e [1] for normative work from the carrier phase-based positioning perspective.  
					
· Specify physical layer measurements and signalling to support NR DL and UL carrier phase positioning for UE-based, UE-assisted, and NG-RAN node assisted positioning [RAN1, RAN2, RAN3, RAN[1].
· Existing DL PRS and UL SRS for positioning are used for NR carrier phase measurements.
· Specify measurements that are limited to a single carrier/PFL. 
· Specify corresponding new core requirements, as well as identifying and specifying the impact on the existing RAN4 specification, including RRM measurements without measurement gaps in connected and inactive mode (including PRS measurement period/reporting) and procedures [RAN4].
This contribution provides our view on physical layer measurements and signaling to support NR DL and UL carrier phase positioning for Rel-18 NR positioning. 
Discussion
Carrier-Phase measurement
Carrier phase positioning is a promising solution for meeting the requirement of centimeter-level accuracy requirement under certain conditions. To achieve the high accuracy provided by the carrier phase positioning, a proper resolution of integer ambiguity is required. Various methods were studied to resolve integer ambiguity. It is possible to resolve integer ambiguity without the use of existing timing-based measurements by making a virtual carrier of a long enough wavelength or using the slope of phase across subcarriers. The carrier phase positioning could be performed standalone or in non-standalone mode. The standalone carrier phase positioning has lower position estimation latency which is useful for accurate positioning estimate in high mobility scenario or device-tracking like application where we need to do frequent position estimates. Rel-18 carrier phase positioning should not be limited to the non-standalone mode positioning, and the standalone mode positioning should be supported in Rel 18.
Proposal 1: The standalone carrier phase positioning should be supported in the Rel-18 carrier phase positioning framework. 
Proposal 2: Whether to perform standalone carrier phase positioning or non-standalone carrier phase could be up to UE capability.
To support carrier phase positioning, new measurements should be defined. In the previous meeting, the following agreements were made: 
Agreement
Introduce DL reference carrier phase (DL RSCP) and NR DL reference carrier phase difference (DL RSCPD) as DL carrier phase measurements.
· Note: It is up to RAN4 to decide whether and how to define the requirements for DL RSCP and/or DL RSCPD. No LS needed to RAN4 for this note.
· DL RSCP can be reported together with UE Rx – Tx time difference measurement
· DL RSCPD can be reported together with RSTD measurement
· FFS: details on how to eliminate unknown initial Rx phase with RSCP/RSCPD reporting can be further discussed
· Note: Whether to support standalone DL RSCP and/or DL RSCPD reporting, or DL RSCP/DL RSCPD reporting with other new types of measurements (if agreed), can be further discussed.

Agreement
The specific RF frequency associated with a DL carrier phase measurement is defined as the center frequency of the DL PFL by default.
· Note: It is open to further discussion whether a frequency other than the center frequency of the DL PFL can also be the specific RF frequency for non-default case(s), if RAN1 agrees to introduce them.

Agreement
The specific RF frequency associated with a UL carrier phase measurement is defined, by default, as the center frequency of the transmission bandwidth of the SRS for positioning purpose.
· Note: It is open to further discussion whether a frequency other than the center frequency of the UL carrier can also be the specific RF frequency for a non-default case(s), if RAN1 agrees to introduce them.
   
Further commenting on ‘Note’ in the agreements mentioned above, the carrier phase could be measured at different frequency granularities, such as at the subcarrier level, DC carrier level, or different positioning frequency layers (PFL). In the previous meeting, the reporting of the carrier phase of the RF carrier corresponding to a PFL was agreed. We think, in addition to that, reporting of the carrier phase across subcarriers in a PFL should be supported. 
Proposal 3: The carrier phase measurement, at least across sub-carriers, should be supported for carrier phase positioning. 
As it is well understood that phase is a sensitive measurement, reporting the carrier phase of multiple subcarriers will provide robustness against receiver noise by performing noise averaging.
Observation 1: Multiple subcarriers will provide robustness against receiver noise by performing noise averaging.
Proposal 4: For UE-assisted carrier-phase-based positioning, phase measurement over multiple subcarriers should be reported to help mitigate the effects of noise.
Carrier Phase measurement with respect to Tx and Rx antenna
Multipath and the NLOS dominant channel inherently deteriorate the positioning performance. It is clearly observed in the simulations study that the mitigation of the effect of the multipath improves the performance of positioning methods.
Further, the AOD and AOA measurements over PRS, either in DL or UL direction, are of great help in identifying the LOS and NLOS signals and mitigating the NLOS bias in the measurement. Carrier phase measurements across antennas can give the angle information at the receiver.  Further, if the angle of departure w.r.t. to the transmitter is known, using the measured angle of arrival at the receiver can help in defining LOS/NLOS confidence parameter. E.g., in DL-AOD-based positioning measurements, along with RSRP per beam, if the UE is allowed to report carrier phase measurement across each receiving antenna, then it can be used to estimate the DL-AOA with fair accuracy to decide the LOS or NLOS nature of the path experienced by the PRS between gNB/TRP and UE. During the study phase, the benefits of reporting the phase measurements across TRP Rx antennas were discussed. Therefore, reporting of the phase measurements across UE/TRP Rx, and TRP Rx antennas should be supported in Rel 18.
Observation 2: To achieve the desired accuracy in carrier phase-based positioning, multipath mitigation techniques are necessary. 
Observation 3: The AOD and AOA measurements with respect to either in DL or UL link will be important to mitigating multipath.
In the previous meeting, there was a detailed discussion on the measurement reference point. We think the point of reference for the measurement should be a physical point on the receiver. The antenna phase center(APC) may not be the same as the antenna reference point, APC depends on factors such as the carrier frequency, angle of arrival, APC need not be a fixed point. We think the antenna connector point should be the reference for the measurement, additional information regarding phase center offset could be reported along with the measurement. The following agreement was made. Moving ahead, we need to down-select between the options agreed upon.                  
Agreement
Support one of the following options for the definition of the reference point of the UE/TRP carrier phase measurements (down-selection in RAN1#113).[5]
· Option 1: 
· The reference point of the UE carrier phase measurements is defined the same as the reference point of RSTD for frequency range 1 and frequency range 2.
· The reference point of the TRP carrier phase measurements is defined the same as the reference point of RTOA for frequency range 1 and frequency range 2.
· Note: It is up to UE/TRP’s implementation on how to map the carrier phase to the reference point for reporting.
· Option 2: 
· The reference point of the UE/TRP carrier phase measurements is defined as the antenna phase center of the UE/TRP Rx antenna for frequency range 1 and frequency range 2.
· UE/TRP should provide the antenna phase center offset (PCO), i.e., the relative position between the antenna phase center and the antenna connector to LMF
· FFS: the more details of the PCO reporting, e.g., in LCS or GCS frame

Proposal 5: The reference point for DL and UL RSCP and RSCPD measurement should be the same as the reference point for reporting the existing RSTD and RTOA measurement. 
Proposal 6: The reporting of the phase center offset indicator along with RSCP and RSCPD by measuring UE/TRP should be supported. 

In the previous meeting, there was detailed discussion on the effect of phase delays on the carrier phase measurement. The following agreement was made. Moving ahead, we need to down-select between the options agreed.                  
Agreement
To address the impact of the phase delays on Tx/Rx RF chains, support one or more of the following options (down-selection in RAN1#113):[5]
· Option 1a: introduce the definition of UE/TRP Tx/Rx phase error groups (PEGs) for the Tx/Rx of DL PRS/UL SRS signals 
· Rel-17 definitions of UE/TRP Tx/Rx TEGs can be used as the starting point for defining UE/TRP Tx/Rx PEGs.
· FFS: the details of \the UE/TRP Tx/Rx PEGs
· Option 1b: Introduce Tx/Rx RF antenna IDs or Tx/Rx RF chain IDs to identify the individual Tx/Rx RF chains for transmitting/receiving the DL PRS/UL SRS signals. 
· FFS: the details of the Txb/Rx RF antenna IDs or Tx/Rx RF chain IDs
· Note: Device transmitting PRS or positioning SRS provides Tx antenna ID or Tx Chain ID. Device receiving PRS or positioning SRS provides Rx antenna ID or Rx Chain ID.
· Option 1c: introduce the report of ARP ID for the Rx/Tx of DL PRS/UL SRS signals. 
· The transmission/reception associated with the same ARP ID is assumed from the same ARP.
· FFS: the maximum number of ARP IDs.
· Option 2: reuse or enhance the existing  Rel-17 definitions of UE/TRP Tx/Rx TEGs with smaller margin value.
· Option 3: RAN1 sends an LS to RAN4, requesting RAN4 to consider whether there is a need to define the new UE/TRP Tx/Rx phase error groups (PEGs), introduce new IDs (e.g., Tx/Rx RF antenna IDs ) to present the phase delays for the Tx/Rx of DL PRS/UL SRS signals, or reuse or enhance the existing Rel-17 definitions of UE/TRP Tx/Rx TEGs with smaller margin value, and provide the definitions if RAN4 decides it is needed. 

Proposal 7: In Rel 18, CPP, reporting of Rx antenna ID/ RF chain ID along with carrier phase measurement should be supported.
Further, UEs or TRPs should indicate the LOS-NLOS indicator corresponding to the carrier phase measurements. At least reporting of the carrier phase of the first path, and optionally, the additional paths should be supported.
Agreement
NR UL reference signal carrier phase (RSCP) (of i-th path) is defined as the phase of the channel response at the i-th path delay derived from the resource elements (REs) that carry the UL SRS signal for positioning purpose configured for the measurement. A UL RSCP is associated with a specific RF frequency.[4]
· FFS: the reference point of the UL RSCP
· FFS: whether/how the measurement timing is defined
· Note: the i-th path is used for the sake of definition, whether only the first path or additional paths will be supported is subject to further discussion
· Note: The support of MIMO SRS for positioning is transparent to UE

Agreement
Rel-17 LOS/NLOS indication (when indicated) applies for the carrier phase measurement(s) in the same report.[4]

[bookmark: _Hlk131716309]Proposal 8: For carrier phase-based positioning, reporting of carrier phase measurement corresponding to the first path should be supported. The measurement corresponding to the additional path could be optionally supported. 
Proposal 9: The RSRPP should be reported across all the additional paths if the carrier phase of additional paths is reported. The number of paths reported is UE capability. 
Integer Ambiguity Resolution
The carrier phase-based positioning method is viewed as a standalone as well as a non-standalone method. 
In the case of the non-standalone method, the carrier phase will be reported along with the UEs/TRPs measurement of legacy positioning methods e.g., DL/UL-TDOA, M-RTT, DL-AOD, UL-AOA, etc. Once we report the carrier phase along with the legacy measurement, it will inherently act as smoothing of legacy measurement. In the last meeting, the following agreement was made as a starting point to enable the CPP. 
Agreement
Introduce DL reference carrier phase (DL RSCP) and NR DL reference carrier phase difference (DL RSCPD) as DL carrier phase measurements.[5]
· Note: It is up to RAN4 to decide whether and how to define the requirements for DL RSCP and/or DL RSCPD. No LS needed to RAN4 for this note.
· DL RSCP can be reported together with UE Rx – Tx time difference measurement
· DL RSCPD can be reported together with RSTD measurement
· FFS: details on how to eliminate unknown initial Rx phase with RSCP/RSCPD reporting can be further discussed
· Note: Whether to support standalone DL RSCP and/or DL RSCPD reporting, or DL RSCP/DL RSCPD reporting with other new types of measurements (if agreed), can be further discussed.

In the case of the standalone method, the integer ambiguity needs to be resolved, for UE-assisted positioning, the LMF could use the virtual carrier method where the measuring TRP or UE could report the phase difference between the phases of two or more than two frequencies, where the phase could be measured at subcarrier level, DC carrier level or different positioning frequency layers.
It is found that for standalone CPP, the difference between the phase of subcarriers helps in the swift resolution of integer ambiguity.
Agreement
To support NR carrier phase positioning, further consider the following options:[4]
· Option 1: Support a UE/TRP to report the carrier phase measurements of more than one frequency within a PFL/carrier to LMF
· NOTE: the frequency can be the carrier frequency or the frequency of a subcarrier
· FFS: the details of reporting, e.g., the maximum number of reported frequencies within a PFL/ carrier
· Option 2: Introduce and report a new type of UE/TRP measurement based on carrier phase differentials across multiple subcarriers within a PFL/carrier
· NOTE: carrier phase differentials across multiple subcarriers within a carrier can be related to time of arrival
· Option 3: Support a UE/TRP to optionally report an estimated integer ambiguity and/or search range of the integer ambiguity to LMF
· Option 4: Support LMF to provide the expected integer ambiguity range at least for UE-based NR CPP in the positioning assistance data.

Observation 4: The difference between the carrier phase of multiple subcarriers helps in swift integer ambiguity resolution.
Proposal 10: For carrier-phase-based positioning, the difference between the carrier phase of multiple subcarriers should be reported. 
And for UE-based positioning, the LMF could explicitly convey the integer ambiguity to the target device. The LMF could convey the exact value of integer ambiguity or may convey the range of integer ambiguity. 
[bookmark: _Hlk131724053][bookmark: _Hlk131704396]Proposal 11: For UE-based carrier phase positioning, the integer ambiguity could be conveyed to the UE. 
	Option 1: Single value of Integer ambiguity.
	Option 2: Range of integer ambiguity 

 UE Capabilities for CPP
For NR carrier phase positioning, the new set of UE capabilities should be defined. This capability information includes information like whether UE supports carrier phase positioning or not. If yes, then standalone carrier phase positioning or non-standalone carrier phase positioning (i.e. in combination with Rel-17 positioning methods).   
Observation 5: New UE capabilities are required for NR carrier phase positioning.
Proposal 12: For NR carrier phase positioning, the UE information should include the following.
· Frequency range supported by the UE
· Frequency granularity supported by the UE to enable carrier phase measurement 
· DC carrier 
· Subcarrier
· Positioning frequency level
· Measurement reference point granularity supported by the UE
· Single measurement reference point supported
· Multiple measurement reference points supported 
· Per Rx antenna
· Per receiver RF chain
· Group of Rx chain/antenna 
· The supported integer ambiguity resolution method (UE-based CPP)
· Virtual carrier method
· Psudo range method (in the combination of existing measurements)
· Whether measuring UE support LoS/NloS identification (UE-based CPP)
· The PRS/SRS configuration supported by the UE

	
Additional information along with carrier phase measurement
Additional information, apart from the phase measurement(s), should be conveyed to the LMF for an accurate position estimate. This information could contain frequency corresponding to the measurement, the measurement reference point, the PRS or SRS resource use to perform the measurement the quality indicators such as LOS/NLOS indication and error sources corresponding to the measurement.
Proposal 13: The additional information apart from the carrier phase measurement should include.
· The information mapping the measurement to the specific frequency domain resource(carrier, subcarrier, PFL).
· The information mapping the measurement to the specific measurement reference point.
· The information mapping the measurement to the PRS/SRS resource and resource set. 
· The receiver beam information to mitigate the effects of the beam phase 
· The gap in the frequency domain if measurements are reported corresponding to multiple frequency resources.  
· LoS/NLoS indication 
· RSRP of the path corresponding to carrier phase measurement is 
· The error sources corresponding to the measurements, such as TEG, PEG, or any other.
Conclusion
This paper provides the following observations and proposals.
Proposal 1: The standalone carrier phase positioning should be supported in the Rel-18 carrier phase positioning framework. 
Proposal 2: Whether to perform standalone carrier phase positioning or non-standalone carrier phase could be up to UE capability.
Proposal 3: The carrier phase measurement, at least across sub-carriers, should be supported for carrier phase positioning.
Observation 1: Multiple subcarriers will provide robustness against receiver noise by performing noise averaging.
Proposal 4: For UE-assisted carrier-phase-based positioning, phase measurement over multiple subcarriers should be reported to help mitigate the effects of noise.
Observation 2: To achieve the desired accuracy in carrier phase-based positioning, multipath mitigation techniques are necessary. 
Observation 3: The AOD and AOA measurements with respect to either in DL or UL link will be important to mitigating multipath.
Proposal 5: The reference point for DL and UL RSCP and RSCPD measurement should be the same as the reference point for reporting the existing RSTD and RTOA measurement. 
Proposal 6: The reporting of the phase center offset indicator along with RSCP and RSCPD by measuring UE/TRP should be supported. 
Proposal 7: In Rel 18, CPP, reporting of Rx antenna ID/ RF chain ID along with carrier phase measurement should be supported.
Proposal 8: For carrier phase-based positioning, reporting of carrier phase measurement corresponding to the first path should be supported. The measurement corresponding to the additional path could be optionally supported. 
Proposal 9: The RSRPP should be reported across all the additional paths if the carrier phase of additional paths is reported. The number of paths reported is UE capability. 
Observation 4: The difference between the carrier phase of multiple subcarriers helps in swift integer ambiguity resolution.
Proposal 10: For carrier-phase-based positioning, the difference between the carrier phase of multiple subcarriers should be reported. 
And for UE-based positioning, the LMF could explicitly convey the integer ambiguity to the target device. The LMF could convey the exact value of integer ambiguity or may convey the range of integer ambiguity. 
Proposal 11: For UE-based carrier phase positioning, the integer ambiguity could be conveyed to the UE. 
	Option 1: Single value of Integer ambiguity.
	Option 2: Range of integer ambiguity 

Observation 5: New UE capabilities are required for NR carrier phase positioning.
Proposal 12: For NR carrier phase positioning, the UE information should include the following.
· Frequency range supported by the UE
· Frequency granularity supported by the UE to enable carrier phase measurement 
· DC carrier 
· Subcarrier
· Positioning frequency level
· Measurement reference point granularity supported by the UE
· Single measurement reference point supported
· Multiple measurement reference points supported 
· Per Rx antenna
· Per receiver RF chain
· Group of Rx chain/antenna 
· The supported integer ambiguity resolution method (UE-based CPP)
· Virtual carrier method
· Psudo range method (in the combination of existing measurements)
· Whether measuring UE support LoS/NloS identification (UE-based CPP)
· The PRS/SRS configuration supported by the UE

Proposal 13: The additional information apart from the carrier phase measurement should include.
· The information mapping the measurement to the specific frequency domain resource(carrier, subcarrier, PFL).
· The information mapping the measurement to the specific measurement reference point.
· The information mapping the measurement to the PRS/SRS resource and resource set. 
· The receiver beam information to mitigate the effects of the beam phase 
· The gap in the frequency domain if measurements are reported corresponding to multiple frequency resources.  
· LoS/NLoS indication 
· RSRP of the path corresponding to carrier phase measurement is 
· The error sources corresponding to the measurements, such as TEG, PEG, or any other.
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