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Introduction
A SID defining objectives for a Study on expanded and improved NR positioning was agreed in RAN #94 [1],  with the following justification for multiple use cases:
 
· Regarding higher accuracy, two promising techniques identified in earlier studies will be considered in Rel-18: one is to take the advantage of the rich 5G spectrum to increase the bandwidth for the transmission and reception of the positioning reference signals based on PRS/SRS bandwidth aggregation for intra-band carriers, and the other is to use the NR carrier phase measurements. GNSS carrier phase positioning has been used very successfully for centimetre-level positioning but is limited to outdoor applications. NR carrier phase positioning has the potential for significant performance improvements for indoor and outdoor deployments in comparison with the existing NR positioning methods, as well as shorter latency and lower UE power consumption in comparison with RTK-GNSS outdoors.

and the following objective:

· Study solutions for accuracy improvement based on NR carrier phase measurements [RAN1, RAN4]
· Reference signals, physical layer measurements, physical layer procedures to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning [RAN1]
· Focus on reuse of existing PRS and SRS, with new reference signals only considered if found necessary.

The conclusion to the SID was captured in a Technical Report [2]. A Work Item description with the following objective was made [3]:
· [bookmark: _Hlk58595024]Specify physical layer measurements and signaling to support NR DL and UL carrier phase positioning for UE-based, UE-assisted, and NG-RAN node assisted positioning [RAN1, RAN2, RAN3, RAN4].
· 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. 
In this contribution, we address physical layer measurements and signaling to support NR DL and UL Carrier Phase Positioning (CPP) and the associated Carrier Phase (CP) measurements.

Discussion
Carrier Phase Positioning Design Details
To estimate the distance (d) between the transmitter and receiver, it can be shown that 

where  is the distance,  is the normalized fractional carrier phase measurement (normalized by 2) between the TRP and UE,   is the unknown integer ambiguity in the carrier phase measurement (in cycles), and  are phase offsets due to imperfect synchronization. The goal of CPP is to estimate  by estimating (a) the Integer ambiguity and (b) eliminating the clock offsets.

In RAN1 #109-e, the following agreement was made with additional agreements on the reference signals, measurements, multipath mitigation and the use of a double differential technique to  eliminate the impact of the initial phases of the transmitter and the receiver (see Section 5). 

	Agreement
· For the purposes of discussion, for NR downlink and/or uplink carrier phase positioning, the carrier phase (CP) at a RF frequency at a receiver is a phase that is a function of the signal propagation time from an Tx antenna reference point of a transmitter (e.g., a TRP or a UE) to a Rx antenna reference point of the receiver (e.g., a UE or a TRP).
· The propagation time can be expressed in a fractional part of a cycle of the RF frequency and a number of integer cycles, but the CP may be independent of the number of integer cycles. 





In the following, we address some of the issues that need to be resolved for CPP specification in RAN1.

Capability Indication and UE processing Capability
There is a need to enable a device to indicate (a) whether it is capable of a carrier phase measurement (b) whether it is capable of performing carrier phase positioning and (c) its processing capability while doing so.

There is a need to indicate the capabilities of the UE, TRP  and LMF for CPP. This could be one of the following:
· Option 1: UE Capabilities for Carrier Phase positioning  (CPP) i.e. can the UE perform standalone CPP or joint Rel-17 positioning with CPP ?
· Option 2: UE Capabilities for Carrier Phase Measurement and reporting i.e. can the UE perform a single frequency measurement or multiple frequency measurements within a PFL for CPP reporting
· Option 3: PRU capability and configuration for double differential CPP i.e. can a UE serve as a PRU for CPP based on the accuracy of its position and measurement capabilities ?

In Rel-16/17 positioning, the FG 13-1: Common DL PRS Processing Capability captures the UE’s processing capabilities. Updates for CPP may be needed as follows: 
· Maximum DL PRS bandwidth in MHz, which is supported and reported by UE: 
· No change needed
· DL PRS buffering capability: Type 1 (sub-slot/symbol level buffering) or Type 2 (slot level buffering): 
· No change needed
· Duration of DL PRS symbols N in units of ms a UE can process every T ms assuming maximum DL PRS bandwidth in MHz, which is supported and reported by UE: 
· There may be a need to update the UE’s processing capability especially with joint traditional positioning with CPP due to the additional measurements needed. This could be done by updating the current set of values or by adding a CPP specific increase to to accommodate additional carrier phase measurements / processing
· Max number of DL PRS resources that UE can process in a slot under it for FR1 and FR2 bands: 
· No change needed

Proposal 1: RAN1 should discuss the capabilities of the UE, TRP  and LMF for CPP. This could be one of the following:
· Option 1: UE Capabilities for Carrier Phase positioning  (CPP) i.e. can the UE perform standalone CPP or joint Rel-17 positioning with CPP ?
· Option 2: UE Capabilities for Carrier Phase Measurement and reporting i.e. can the UE perform a single frequency measurement or multiple frequency measurements within a PFL for CPP reporting
· Option 3: PRU capability and configuration for double differential CPP i.e. can a UE serve as a PRU for CPP based on the accuracy of its position and measurement capabilities ?


Proposal 2: for the UE’s positioning processing capability, the “Duration of DL PRS symbols N in units of ms a UE can process every T ms assuming maximum DL PRS bandwidth in MHz, which is supported and reported by UE” should be updated especially in the case of joint traditional positioning with CPP due to the additional measurements needed. 

Configuration and Measurement for Single or Multi-Frequency Measurements


	Agreement
Capture the following TP into TR 38.859 as a conclusion.
Regarding the physical layer measurements for NR carrier phase positioning:
· New measurements are recommended to be introduced for supporting UE-based and UE-assisted NR carrier phase positioning, if NR CPP is introduced. The new measurements include, at least, the following:
· For DL carrier phase positioning, the following candidate measurements are identified (potential down-selection may be considered during normative work).
· the difference between the carrier phase measured from the DL PRS signal(s) of the target TRP and the carrier phase measured from the DL PRS signal(s) of the reference TRP;
· the carrier phase measured from the DL PRS signal(s) of a TRP.
· For UL carrier phase positioning, the carrier phases measured from the UL SRS for positioning purpose is identified as the UL carrier phase measurements.
· Note: this proposal does not imply which carrier phase measurements are mapped to which positioning technique


Agreement
For UE-assisted NR carrier phase positioning, at least consider the following options 
· the difference between the carrier phase measured from the DL PRS signal(s) of the target TRP and the carrier phase measured from the DL PRS signal(s) of the reference TRP.
· the carrier phase measured from the DL PRS signal(s) of a TRP






Integer ambiguity estimation may be based on single or multiple measurements within a carrier or PFL. It is necessary for RAN1 to identify the information to be fed back and the configuration needed in the case of a single CP measurement within a PFL/carrier, and of multiple CP measurements within a PFL/carrier.
· In the case of a single CP measurement within a PFL/carrier, it is necessary to  configure the CP feedback and possible assistance information on search range of the integer ambiguity (to the device estimating the CPP). Information to be fed back may include the CP and RSRP. 
· In the case of multiple CP measurements within a PFL/carrier, it may be necessary to explicitly or implicitly signal the frequencies that should be measured to the UE/TRP and possible assistance information on search range of the integer ambiguity (to the device estimating the CPP). Information to be fed back may include the CP and RSRP of each frequency band. 

For UE-assisted NR carrier phase positioning, the carrier phase measured from the DL PRS signal(s) of a TRP should be fed back to the LMF. Any differences with a reference TRP can be handled at the LMF. 
 

Proposal 3: RAN1 should identify the information to be fed back and the configuration needed In the case of a single CP measurement within a PFL/carrier, and of multiple CP measurements within a PFL/carrier. 

Proposal 4: For UE-assisted NR carrier phase positioning, the carrier phase measured from the DL PRS signal(s) of a TRP should be fed back to the LMF. Any differences with a reference TRP can be handled at the LMF. 


NR Carrier Phase Positioning with Double Differential Measurements


	Decision: As per email decision posted on Oct 20th,
Agreement
Capture the following TP into TR 38.859 (Section 6.3.1):
· The use of the positioning reference unit (PRU) to facilitate NR carrier phase positioning has been studied during the study item.
· For DL NR carrier phase positioning, the PRU works as a UE to receive the DL PRS reference signals and provide the DL carrier phase measurements to the LMF, where the double differential measurements can be obtained by the difference of the DL carrier phase measurements from the target UE and those from the PRU for eliminating the measurement errors.
· For UL NR carrier phase positioning, the PRU works as a UE to transmit the UL SRS signals for positioning purpose. The TRPs provides the UL carrier phase measurements obtained from the UL SRS signals of the target UE and of the PRU to the LMF, where the double differential measurements can be obtained by the difference of these UL carrier phase measurements for eliminating the measurement errors.
Agreement
Capture the following TP into TR 38.859 as a conclusion:
· At least the double differential technique with PRU is feasible for UE-based, and network-based NR carrier phase positioning, if NR CPP is introduced, at least, for eliminating the impact of the initial phases of the transmitter and the receiver.
· Note 1: How to efficiently enable the use of the PRU for supporting NR double differential carrier phase positioning needs further discussion during the normative work.
· Note 2: the required PRU density also needs further discussion
· Note 3: other methods for eliminating the impact of the initial phases of the transmitter and the receiver are not precluded






The use of the positioning reference unit (PRU) to facilitate NR carrier phase positioning has been studied during the study item with the following options agreed to: 
· For DL NR carrier phase positioning, the PRU works as a UE to receive the DL PRS reference signals and provide the DL carrier phase measurements to the LMF, where the double differential measurements can be obtained by the difference of the DL carrier phase measurements from the target UE and those from the PRU for eliminating the measurement errors.
· For UL NR carrier phase positioning, the PRU works as a UE to transmit the UL SRS signals for positioning purpose. The TRPs provides the UL carrier phase measurements obtained from the UL SRS signals of the target UE and of the PRU to the LMF, where the double differential measurements can be obtained by the difference of these UL carrier phase measurements for eliminating the measurement errors.

Feedback from a UE/TRP to an LMF may include CP and Rel-17 positioning feedback from the target UE an CP only from a PRU.

For DL NR Carrier Phase Positioning, measurement and feedback at the target UE may include the CP and any Rel-17 positioning measurements needed (or configured by the LMF). Measurement and feedback at the PRU may only consist of the CP. DL NR carrier phase positioning can be UE-based or LMF-based.  For UE based DL carrier phase positioning, the double differential measurements at the LME may need to be sent from the LMF to the UE estimating the position. 

For UL NR carrier phase positioning, the SRSp is triggered from both the target UE and the PRU. Measurement and feedback at the TRP for the target UE may include the CP and any Rel-17 positioning measurements needed (or configured by the LMF). Measurement and feedback at the TRP for the PRU may only consist of the CP.

Proposal 5: Feedback from a UE/TRP to an LMF may include CP and Rel-17 positioning feedback from the target UE an CP only from a PRU.

Observation 1: DL NR carrier phase positioning can be UE-based or LMF-based.  For UE based DL carrier phase positioning, the double differential measurements at the LME may need to be sent from the LMF to the UE estimating the position.

NR Carrier Phase Positioning with Multipath


	Agreement
Capture the following TP into TR 38.859 as a conclusion (for Section 6.3.1):
· The impact of multipath/NLOS on NR carrier phase positioning is evaluated during the study item. Based on the study, it is concluded that multipath/NLOS deteriorates the performance of carrier phase positioning and it is necessary to consider multipath mitigation for NR carrier phase positioning.
Agreement
Capture the following TP into TR 38.859 as a conclusion:
· Multipath mitigation methods for the carrier phase positioning are recommended to be introduced during normative work, if NR CPP is introduced. The candidate solutions may include, but are not limited to, the following:
· Reporting of the carrier phase of the first path
· At least reporting of the carrier phase of the first path, and optionally, the additional paths.
· The use of LOS/NLOS indication for the carrier phase measurements.
· Note: Rel-17 LOS/NLOS indicator can be considered as a starting point.
· Reporting of other channel information together with carrier phase measurements, such as existing RSRP/RSRPP.




From the agreements made in the study item, it is necessary to consider multipath mitigation for NR carrier phase positioning. The specification should support reporting  the carrier phase of the first path only and the use of  the use of LOS/NLOS indication for the carrier phase measurements.

Proposal 6: The specification should support reporting  the carrier phase of the first path only and the use of  the use of LOS/NLOS indication for the carrier phase measurements.

Conclusion
In this contribution, the following observations and proposals were made:

Proposal 1: RAN1 should discuss the capabilities of the UE, TRP  and LMF for CPP. This could be one of the following:
· Option 1: UE Capabilities for Carrier Phase positioning  (CPP) i.e. can the UE perform standalone CPP or joint Rel-17 positioning with CPP ?
· Option 2: UE Capabilities for Carrier Phase Measurement and reporting i.e. can the UE perform a single frequency measurement or multiple frequency measurements within a PFL for CPP reporting
· Option 3: PRU capability and configuration for double differential CPP i.e. can a UE serve as a PRU for CPP based on the accuracy of its position and measurement capabilities ?


Proposal 2: for the UE’s positioning processing capability, the “Duration of DL PRS symbols N in units of ms a UE can process every T ms assuming maximum DL PRS bandwidth in MHz, which is supported and reported by UE” should be updated especially in the case of joint traditional positioning with CPP due to the additional measurements needed. 

Proposal 3: RAN1 should identify the information to be fed back and the configuration needed In the case of a single CP measurement within a PFL/carrier, and of multiple CP measurements within a PFL/carrier. 

Proposal 4: For UE-assisted NR carrier phase positioning, the carrier phase measured from the DL PRS signal(s) of a TRP should be fed back to the LMF. Any differences with a reference TRP can be handled at the LMF. 

Proposal 5: Feedback from a UE/TRP to an LMF may include CP and Rel-17 positioning feedback from the target UE an CP only from a PRU.

Observation 1: DL NR carrier phase positioning can be UE-based or LMF-based.  For UE based DL carrier phase positioning, the double differential measurements at the LME may need to be sent from the LMF to the UE estimating the position.

Proposal 6: The specification should support reporting  the carrier phase of the first path only and the use of  the use of LOS/NLOS indication for the carrier phase measurements.
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Additional Study Item Agreements
In this section, we highlight the additional relevant (non evaluation study) agreements not captured in the text above.

In RAN1 #109-e, the following agreements were made on CPP [4]:
	Agreement
The study of the accuracy improvement based on NR carrier phase measurements in Rel-18 SI may include:
· UE-based and UE-assisted carrier phase positioning,
· UL carrier phase positioning and DL carrier phase positioning.
· NR carrier phase positioning with the carrier phase measurements of one carrier frequency or multiple frequencies
· Combination of NR carrier phase positioning with another standardized Rel. 17 positioning method, e.g., DL-TDOA, UL-TDOA, Multi-RTT, etc.
· Note: The use of “carrier phase positioning” does not necessarily mean it is a standalone positioning method
· FFS: whether SL carrier phase positioning is to be discussed in Rel-18 SI 


Agreement
The impact of integer ambiguity on NR carrier phase positioning and potential solutions to resolve the integer ambiguity will be studied in the SI.


Agreement
NR carrier phase positioning performance will be evaluated at least with the carrier phase measurements of a single measurement instance.

Agreement
· The impact of multipath for the carrier phase positioning will be evaluated during the SI 
· The methods of mitigating the impact of multipath for the carrier phase positioning will be studied during the SI, if it is considered to be necessary after the evaluation.

Agreement
The use of PRUs to facilitate NR carrier phase positioning can be evaluated in the SI by RAN1.




In RAN1 #110, the following agreement was made on CPP [5]:
	Agreement
Further evaluate the following multipath mitigation methods for the carrier phase positioning, which include, but are not limited to, the following:
· The methods of estimating the carrier phase of the first path
· Note: Both time-domain and frequency-domain methods can be considered
· LOS/NLOS/ Multi-path indication for the carrier phase measurements for improving the accuracy of the position calculation
· Rel-17 LOS/NLOS indicator can be used as the starting point
· measurements of the first path and additional paths
· E.g. carrier phase measurements, timing measurements
· other channel information, such as RSRP/RSRPP, CIR/CFR, etc.




In RAN1 110-bis-e, the following agreement was made [6]:

	Agreement
The existing DL PRS and UL SRS for positioning can be re-used as the reference signals to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning. 
· FFS: Whether to consider enhancements of the existing DL PRS and UL SRS for better positioning performance

Agreement
For UL UE-assisted NR carrier phase positioning, at least consider the carrier phase measured from the UL SRS for positioning purpose.
· Note: The use of MIMO SRS for positioning purpose is transparent to UE.
Agreement
Capture the following TP into TR 38.859 as a conclusion (for Section 6.3.1):
· The impact of multipath/NLOS on NR carrier phase positioning is evaluated during the study item. Based on the study, it is concluded that multipath/NLOS deteriorates the performance of carrier phase positioning and it is necessary to consider multipath mitigation for NR carrier phase positioning.
Agreement
Capture the following TP into TR 38.859 as an evaluation observation:
The impact of the initial phases of the transmitter and the receiver on NR carrier phase positioning is evaluated in the study item. The evaluation results from the show that if the initial phases of the transmitter and the receiver are not eliminated, it is impossible to support centimeter-accuracy positioning.

[bookmark: _Hlk117170400]The effectiveness of using double differential technique with PRU to eliminate the impact of the initial phases of the transmitter and the receiver on NR carrier phase positioning are evaluated in the study item. The evaluation results from the sources (Huawei[1], CATT[6], ZTE[9], Ericsson [23]) show that the initial phases of the transmitter and the receiver can be removed effectively by the double differential technique with the use of the PRU





In RAN1 111, the following agreement was made [6]:

	From Nov 14th session
Agreement
Capture the following TP into TR 38.859 as a conclusion (Section 6.3.3)
Regarding the reference signals for NR carrier phase positioning:
· Existing DL PRS and UL SRS for positioning purpose are recommended as the reference signals to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning if NR CPP is introduced.
· Note: The use of SRS MIMO for NR carrier phase positioning is transparent for UE





