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[bookmark: _Ref40390915][bookmark: _Ref189046994]Introduction
GNSS carrier phase positioning has been used successfully for centimetre-accuracy positioning but is limited to outdoor applications. The technique was studied during the Rel. 18 SI and the results summarized in [6]. The objective of this work item as stated by the WID [5] is:
	· 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. 
· 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].


[bookmark: _Ref7792543][bookmark: _Ref7598514]In this contribution we present proposals in line with this objective.
Measurement definition
Carrier phase of the first path and additional paths
The Rel. 18 SI concluded that multipath/NLOS deteriorates the performance of carrier phase positioning, and it is necessary to consider multipath mitigation for NR carrier phase positioning [6]. We agree with the following multipath mitigation methods, suggested during the SI:
-	Identification and separation of the first path and other paths.
-	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.
-	The report of other channel information, such as existing RSRP/RSRPP.
[bookmark: _Toc127556026]A carrier phase measurement shall be defined per path.
[bookmark: _Toc127556027]The carrier phase of the first path shall be reported and optionally additional paths.
We note that the mitigation methods that use LOS/NLOS indication and RSRP/RSRPP are already in place for DL-TDOA, UL-TDOA, so there is no additional specification impact when carrier phase measurements are reported together with these methods.
There are different practical methods in both time- and frequency-domain to perform a path-specific carrier phase measurement. We derived one method in our previous contribution [7]. In short, the receiver estimates the channel impulse response  and estimate the delay of the line-of sight path, . Then, the carrier phase is given by 
	
	(1)


[bookmark: _Toc127277520]  The carrier phase measurement can be obtained from the argument of the estimated channel impulse response at the delay of the LOS peak.
In line with the reasoning above, we propose the measurement definition below as a starting point for discussions. The proposal is formulated for the DL PRS reference signal, but a similar definition is also needed for the UL SRS for positioning signal.
Name: DL PRS reference signal carrier path phase (DL PRS-RSCPP)
Definition: DL PRS reference signal carrier path phase (DL PRS-RSCPP) is defined as the phase of the channel impulse response at the i-th path delay of the resource elements that carry DL PRS signal configured for the measurement, where DL PRS-RSCPP for the 1st path delay is the phase of the first detected path in time. For frequency range 1, the reference point for the DL PRS-RSRPP shall be the antenna connector of the UE. For frequency range 2, DL PRS-RSRPP shall be measured based on the combined signal from antenna elements corresponding to a given receiver branch.

[bookmark: _Toc127556028]Define a new measurement called DL PRS reference signal carrier path phase (DL PRS-RSCPP).
[bookmark: _Toc127556029]Define a new measurement called UL SRS reference signal carrier path phase (UL SRS-RSCPP).

[bookmark: _Ref126583510]Reporting absolute or relative phase measurement
One question is whether the absolute carrier phase measurement should be reported, or a relative phase difference with respect to some reference node. In the first case, both measurements will include an Rx initial phase offset, while in the second case this offset has been cancelled. However, with the first approach LMF can anyway compute the phase difference to cancel out this offset, hence we consider these alternatives to be equivalent. 
[bookmark: _Toc127277521]  Either the absolute carrier phase can be reported, or the relative phase difference with respect to some reference node. The options are equivalent.
One or multiple measurement per frequency layer
During the SI, some companies suggested to use several phase measurements corresponding to different subcarriers or parts of the bandwidth. The reasoning was that several measurements at different frequencies can be combined into virtual frequencies with much longer wavelength, hence facilitate the integer ambiguity resolution. 
[bookmark: _Toc118683551]In our previous contribution [7] we showed that reporting the carrier phase of individual subcarriers does not add any information compared to reporting the central carrier phase and the estimated time-of-arrival of the reference signal. In fact, the phase of subcarriers , can be obtained as 

where  is the estimated phase of the center carrier,  the estimated TOA and , the frequency difference between them.
We note that there is no proven technical benefit from using carrier phase measurements at different subcarriers together with TDOA compared to using only the phase of the central carrier with TDOA. 
Based on these technical considerations and in the interest to minimize the specification impact according to the WID, we propose that the phase measurement should be defined for the central carrier of the bandwidth only.
[bookmark: _Toc127556030]A phase measurement shall be defined for the central carrier frequency, not for individual subcarriers or parts of the bandwidth.
Measurement reporting
Stand-alone carrier phase reporting or joint reporting with TDOA
We propose that carrier phase measurements should be reported jointly with either DL-TDOA, UL-TDOA or Multi-RTT but not as a stand-alone procedure. This can be motivated from an accuracy or technical feasibility point of view:
· During the study item, most companies evaluated joint positioning using carrier phase measurements and some other positioning method. The integer ambiguity problem simplifies significantly if e.g. DL-TDOA can be employed to obtain a first coarse position estimate, for instance to reduce the search space of a multi-hypothesis integer resolution algorithm.
· In other cases, companies simply limited the integer ambiguity problem to the true integer vector  plus some uncertainty margin. The technical feasibility of a stand-alone solution without prior information of the UE position has not been demonstrated during the SI.
Additionally, we have already seen that carrier-phase measurements of specific paths requires time-of-arrival estimation. Consequently, there is little or no additional computations needed to obtain those as well. It makes no sense that a receiver computes time-of-arrival and carrier phase for a path and then only reports the carrier phase measurement.
Finally, the specification impact for joint reporting (with DL-TDOA, UL-TDOA) is minimal while a stand-alone solution would require a much larger specification effort that is not supported by the WID. Joint reporting of carrier phase measurements with existing positioning measurements can probably be introduced with a small specification impact. The existing positioning measurement reports often has a structure where the measurement is defined for a specific path. It will be natural to extend this structure to include the carrier phase of specific path.
[bookmark: _Toc127277522]  The existing positioning measurement reports often has a structure where the measurement is defined for a specific path. It will be natural to extend this structure to include the carrier phase of specific path.

[bookmark: _Toc127556031]Add support to report DL PRS RSCPP for the first path and additional paths with the DL-TDOA positioning method.
[bookmark: _Toc127556032]Add support to report UL SRS RSCPP for the first path and additional paths with the UL-TDOA positioning method.
Assistance information for double differentiation
Downlink UE-based
The double-differentiation technique was evaluated during the SI, often successfully. Differential corrections is a corner-stone for high-accuracy GNSS, hence we think that assistance data that enables double-differentiation or phase calibration need to be supported by the standard. For UE-based CPP we propose to provide phase correction factors for each TRP and to each UE. 
[bookmark: _Toc127556033]Provide phase correction factors for each TRP to each UE.Example: The vector with phase correction factors  is provided to the UE. The element  is the correction factor for TRP . The UE measures the carrier phases  and constructs the differential . 


During the SI, many companies obtained phase correction factors from a nearby PRU. It can also be possible that the network has its own reference units or that there can be some procedure among TRPs to estimate their initial phase-offsets. We think that it is important that the standard supports the provisioning phase correction factors but is neutral to how they were obtained.
[bookmark: _Ref126582133][bookmark: _Toc127556034]How the network obtains phase correction factors corresponding to TRPs is left up to implementation.
In GNSS the notion of virtual reference station has proven to enhance the accuracy: A virtual reference station is created nearby the UE with measurements that are obtained by interpolation between different (physical) reference stations. Proposal 10 has the additional advantage that it can be used for virtual reference station. Moreover, if there are multiple reference units and their measurements are inconsistent, then LMF can select the most trustworthy or relevant corrections and provide those to the UE.
Phase correction factors may have a limited validity time. The time-aspect was not sufficiently studied during the SI, but from GNSS RTK we know that real-time streaming of correction factors is needed to reach the best accuracy. 
[bookmark: _Toc127277523]Phase corrections have a limited validity time. The time-variability was not studied during the Rel. 18 Positioning SI.
Consequently, we propose that it should be possible to provide updated correction factor with variable frequency. Whenever a new set of correction factors are available to LMF, then these can be sent to the UE.
[bookmark: _Toc127556035]It should be possible to provide a UE with updated correction factor with variable frequency.
To reduce the signaling overhead, LMF can skip sending an update if the new correction factors are only marginally different compared to the previous set of correction factors. There can be a threshold specified that defines when updated correction factors need to be sent to the UE. 
Example: A simple algorithm to provide updated correction factors to the UE can be as follows:
· Initial state: The correction factors  have been provided to the UE.
· for each time-instance k
· LMF obtains an updated set of correction factors, 
· if   then   and send the updated phase corrections  to the UE. The parameter  is a threshold.

For applications that are less latency-critical another method to reduce the signaling overhead is to provide phase correction factors in batches where the absolute validity time of each set of correction factors is specified.Example: 
The vector with correction factors is valid during time-period , the correction factors is valid during , etc. Several vectors ,   are reported to the UE in one single batch.


[bookmark: _Toc127556036]Investigate how phase correction factors can be provided in a resource efficient way.
Downlink UE-assisted
We don’t see any additional impact for UE-assisted downlink carrier phase-based positioning. For this case, LMF can collect carrier phase measurements from the Target UE, from PRU UEs or other sources and use them to perform double-differentiation.
Uplink NG-RAN Node-assisted
We don’t see any additional impact for uplink NG-RAN node-assisted carrier phase-based positioning. In this case, LMF can request the Target UE and PRU UEs to transmit UL-SRS for positioning and network TRPs measure and report the carrier phase (and RSTD). This will enable LMF to perform double-differentiation.
Assistance data for error source mitigation
Antenna phase response and antenna phase center
Some companies have raised a concern about antenna phase response or phase center offset (PCO). Ideally, the antenna phase center is aligned with the physical antenna reference point (ARP) or at least fixed. A PCO error appear at both the transmitter and the receiver, it depends on AOA/AOD, frequency. It can also vary during live operation [8]. During the Rel. 18 Positioning SI the problem didn’t get much attention and no practical mitigation technique was proposed. 
[bookmark: _Toc127277524]No practical technique to mitigate antenna phase center offset at the Tx and Rx was proposed during the study item.
ARP errors
The study item found that a main source of error is ARP errors (in both TRPs and PRUs). For some cases, double differentiation can mitigate the error but as shown in [9], the ARP errors can impact the Target UE and a PRU differently and then the errors will not be cancelled out by taking the differential. In our view, ARP errors should be ensured minimal by the deployment procedure.
Carrier phase measurement differentials and Rx/Tx branches
The SI found that differential techniques can be used to cancel out initial phases of both the transmitter and the receiver. However, the initial phase of the transmitter depends on the Tx-branch and the initial phase of the receiver depends on the Rx-branch. Consequently, it must be ensured that carrier phase measurement differentials are performed for consistent Rx/Tx branches. Moreover, the notion of Rx- and Tx- timing error groups (TEGs) was introduced during 3GPP Release 18 to handle the fact that timing measurements performed with different antenna panels may not be comparable. The study item on carrier phase measurements did not consider this aspect, but we expect similar limitations for carrier phase measurements. 
[bookmark: _Toc127277525]Carrier phase measurement differentials (single- or double-differentials) may not be useful on measurements performed with inconsisten Rx/Tx branches or Rx/Tx TEGs.
Conclusion
In the previous sections we made the following observations: 
Observation 1	The carrier phase measurement can be obtained from the argument of the estimated channel impulse response at the delay of the LOS peak.
Observation 2	Either the absolute carrier phase can be reported, or the relative phase difference with respect to some reference node. The options are equivalent.
Observation 3	The existing positioning measurement reports often has a structure where the measurement is defined for a specific path. It will be natural to extend this structure to include the carrier phase of specific path.
Observation 4	Phase corrections have a limited validity time. The time-variability was not studied during the Rel. 18 Positioning SI.
Observation 5	No practical technique to mitigate antenna phase center offset at the Tx and Rx was proposed during the study item.
Observation 6	Carrier phase measurement differentials (single- or double-differentials) may not be useful on measurements performed with inconsisten Rx/Tx branches or Rx/Tx TEGs.


Based on the discussion in the previous sections we propose the following:
Proposal 1	A carrier phase measurement shall be defined per path.
Proposal 2	The carrier phase of the first path shall be reported and optionally additional paths.
Proposal 3	Define a new measurement called DL PRS reference signal carrier path phase (DL PRS-RSCPP).
Proposal 4	Define a new measurement called UL SRS reference signal carrier path phase (UL SRS-RSCPP).
Proposal 5	A phase measurement shall be defined for the central carrier frequency, not for individual subcarriers or parts of the bandwidth.
Proposal 6	Add support to report DL PRS RSCPP for the first path and additional paths with the DL-TDOA positioning method.
Proposal 7	Add support to report UL SRS RSCPP for the first path and additional paths with the UL-TDOA positioning method.
Proposal 8	Provide phase correction factors for each TRP to each UE.
Proposal 9	How the network obtains phase correction factors corresponding to TRPs is left up to implementation.
Proposal 10	It should be possible to provide a UE with updated correction factor with variable frequency.
Proposal 11	Investigate how phase correction factors can be provided in a resource efficient way.
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