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Introduction
[bookmark: _Hlk525462591]In Rel-16 native NR positioning support was standardized and in Rel-17 enhancements were made. At RAN#98, a new work item “Expanded and improved NR positioning” was approved and was updated at RAN#99 [1]. This contribution discussed our views for the remaining issues on NR Carrier phase positioning. The objective in the WID is:
· 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, 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 with measurement gaps in connected and inactive mode (including PRS measurement period/reporting) and procedures [RAN4].
[bookmark: _Hlk4137067][bookmark: _Hlk520894743][bookmark: _Hlk7596973][bookmark: _Hlk525462634][bookmark: Proposal98262][bookmark: Proposal38119]Overview of NR CP Positioning
Fundamentally, carrier phase positioning technique utilizes phase measurements for multiple TRPs to estimate location of target UEs. The general concept of the carrier phase positioning is shown in Figure 1, where a target UE and a reference device measures carrier phase measurement for PRS resources transmitted from multiple gNBs/TRPs. In this section, we describe the key principle of CP positioning in more detail.
[image: ]
[bookmark: _Ref101786075]Figure 1. An illustrative example of overall concept of carrier phase positioning
For mathematical notation, we denote the target UE by the  UE. Omitting noise, and assuming ideal propagation LoS, the estimated phase measurement from this  UE for a PRS resource transmitted from the  TRP is denoted by
											(1)
Where  to denote the phase measurement in distance/cycles and to leave out repeated use of , and , , , and  represent respectively actual geographical distance between the  UE and the  TRP, internal phase reference bias at the  UE in radians, internal phase reference bias at the  TRP in radians, and integer ambiguity of the propagated wavelength. Similar to (1), the similar equation is derived for the different PRS transmitted from the  TRP such that:
	.
	(2)


[bookmark: _Hlk146092751]After the UE measures phase measurement for PRS resources transmitted from both TRPs, the UE calculates the phase difference measurement for two different phase measurements and gets the following phase difference measurement.
	,
	(3)


[bookmark: _Hlk146092734]where , . From single difference operation, the phase bias from UE side was cancelled out similar to the RSTD measurement of DL-TDOA. The  UE needs to report this measurement to the LMF.
After single difference operation, the phase error between two TRPs are remaining in the phase difference measurement, and it needs to be compensated for. We propose using a reference UE to remove this error. The phase error between TRPs is remaining but it is cancelled by double differential operation using phase difference measurements of reference device such as reference UE. The location of the reference UE should be already known to the LMF accurately.
Let us assume that the  UE is a reference device. For the transmitted PRS from the  and  TRP, the phase difference measurement at the reference UE is denoted by: 
	.
	(4)


The reference UE also reports the phase difference measurement to the LMF, and then it calculates double difference measurement as follows:
	,
	(5)


where , , and . Note that  and  are not different depending on the UE index under some conditions. 
In the end, the phase error between the UE and TRP and phase errors between TRPs are cancelled out using the single and double differential measurements, respectively. The only remining ambiguity is the integer ambiguity parameter (i.e., ). The entity calculating the UE location estimates  using the associated time measurements with the CP measurements of the target UE and PRU. This is done assuming an alignment between the CP measurements and their corresponding time measurements (i.e., both are obtained from the same time/frequency resources and reported almost at the same time). 
The resolution of the integer ambiguity problem is visualized in Fig. 2, in which, the wavefronts from three gNBs are represented with three groups of parallel lines (blue, red, and green) where the lines of each line group are separated by equal distance representing the propagated wavelength. The intersections of the wavefronts from the three gNBs represent the possible locations of the UE. The gray shaded area (represented by a circle) represents the reduced search space of a few candidate UE locations using the unambiguous timing measurements to estimate the integer ambiguity parameters in . Essentially, the true UE location (i.e., the small white circle) should be located within the gray shaded area. Otherwise, the timing measurement will fail to resolve the integer ambiguity problem and estimate the correct UE location.  
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Figure 2: Integer ambiguity grid
An overview of UL CP is shown Figure 2. Our understanding of UL CP is that both the target UE and a PRU need to transmit SRS for positioning. The TRPs then measure the carrier phase of both the target UE and the PRU, report the measurements to the LMF, which then creates double differential measurements at the LMF (or at UE in UE-based). 
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[bookmark: _Ref111189401]Figure 3. Overview of UL Carrier Phase
Remaining issues
DL CP measurement report
To enable the non-standalone CPP, RAN1 has agreed in the 3GPP RAN1#112bis-e to report the DL RSCP, DL RSCPD CP, and UL RSCP measurements with the legacy time measurements as follows:
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
· Support enabling a TRP to report UL RSCP together with RTOA and/or gNB Rx-Tx time difference measurements to LMF
· Note 1: The report of UL carrier phase measurement with gNB Rx – Tx time difference does not necessarily require the report of DL carrier phase measurement with UE Rx – Tx time difference.
· Note 2: This doesn’t preclude standalone UL carrier phase measurements reporting.

For the number of samples (instances) used to obtain the CP measurements, RAN1 has agreed during the 3GPP RAN1#114 meeting on the following: 
Agreement
Each DL RSCP/RSCPD measurement instance is obtained with  sample only.
RAN1 also agreed in RAN1#114-bis that each RSCP/RSCPD measurement can be associated with its own timestamp as:
Agreement
Subject to UE’s capability, if a UE Rx-Tx time difference/DL RSTD measurement is obtained with Nsample (=2, 4) samples, as defined in TS 38.133, the UE Rx-Tx time difference/DL RSTD measurement can be associated with (i.e., reported together with) up to Nsample RSCP/RSCPD measurements.
· A single RSCP/RSCPD measurement is obtained within one sample
· Each RSCP/RSCPD measurement has its own timestamp. 
· Note: It is up to RAN2 on how to define signalling support for the reporting of the timestamps of the RSCP/RSCPD measurements

Large time separation between the time stamps of the time and CP measurement, due to e.g., different reporting granularity or different number of sample/instances per measurement report, can result in stale time information at the UE and substantially degrade the positioning estimation accuracy of the CPP method. One issue that may arise as the result of the misalignment between the time measurements and the corresponding carrier measurements is the failure to resolve the integer ambiguity issue.
RAN1 has agreed to use legacy time measurements to narrow the search space for  and estimate the integer ambiguity parameter as discussed in Fig. 2. Without ensuring that the time separation between the time stamps of the time measurements and the corresponding CP measurements is within a certain predefined/configured threshold, the true UE location (i.e., the small white circle) will be located outside the gray shaded area in Fig. 2 and the timing measurements will fail to resolve the integer ambiguity problem leading to either the failure of the CPP method or (in its best case) achieving an accuracy that is far less than the target CPP accuracy. For example, the radius of Fig.2 is  (about 80 cm). Thus, if the true UE location at t=t2 based on CP measurement is different more than 80 cm of the UE location at t=t1 based on timing measurement, it might not be feasible to find the integer values.
Proposal 1: For DL CPP, LMF requests the UE to maintain time separation between the timestamps of DL RSCP and DL timing measurements within a threshold and to report RSCP measurements along with associated timestamps.
RTT-type CP Positioning
Proposal 2: RAN1 supports the following text proposal on Clause 5.1.6.5 of TS 38.214.
	<omitted text>
For DL UE positioning measurement reporting in higher layer parameter NR-DL-TDOA-SignalMeasurementInformation, the UE may be configured to report the DL Reference Signal Carrier Phase Difference (RSCPD) [7, TS 38.215] measurement along with the DL RSTD. When the UE reports RSCPD measurements the reference nr-DL-PRS-ReferenceInfo is the same as the one reported, for the RSTD measurements. For DL UE positioning measurement reporting in higher layer parameter NR-Multi-RTT-SignalMeasurementInformation the UE may be configured to report the DL Reference Signal Carrier Phase (RSCP) measurement [7, TS 38,215] along with the UE Rx-Tx time difference measurement. When the UE reports DL RSCPD measurement(s) along with DL RSTD measurement(s) or DL RSCP measurement(s) along with UE Rx-Tx time difference measurement(s), the DL RSCPD and/or DL RSCP measurement(s) should be measured from a single DL PRS positioning frequency layer. When the UE reports a DL RSCP measurement along with a UE Rx-Tx time difference measurement, it may include a DL PRS resource set ID, a DL PRS resource ID, an SRS resource ID for positioning, and an indicator [higher layer signaling] indicating whether the DL RSCP measurement is combinable with a UL RSCP measurement associated with the SRS resource ID for positioning. 
<omitted text>


The reason for the change: RAN1 made the following agreements at RAN1 #112-bis and RAN1 #114 meeting, respectively.
Agreement (RAN1 #112-bis)
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 (RAN1 #112-bis)
· Support enabling a TRP to report UL RSCP together with RTOA and/or gNB Rx-Tx time difference measurements to LMF
· Note 1: The report of UL carrier phase measurement with gNB Rx – Tx time difference does not necessarily require the report of DL carrier phase measurement with UE Rx – Tx time difference.
· Note 2: This doesn’t preclude standalone UL carrier phase measurements reporting.

Agreement (RAN1 #114)
When DL RSCPD/RSCP measurements are reported together with the DL RSTD/ UE Rx – Tx time difference measurements, the DL RSCPD/RSCP measurements are obtained from a single DL PFL only. 
Note: From RAN1’s perspective, the reporting of the carrier phase measurements from one DL PFL has no impact on the reporting of the DL RSTD and/or UE Rx – Tx time difference measurements from the same DL PFL or other DL PFLs.
According to the current agreements, the UE can report a DL RSCP along with a UE Rx-Tx time difference measurement, and the gNB can report a UL RSCP with a gNB Rx-Tx time difference measurement. We think the intention was to support RTT-type CP positioning, but it would not be a complete solution to support RTT-type CP. If round trip time carrier phase (RTT-CP) is introduced, then it will be necessary to confirm that the assumption of phase coherency between the transmit path and the receive path is achieved. In our understanding there are at least two potential conditions which need to be met for this phase coherence to be achieved: 
· Same local oscillator is used for DL and UL at both the UE and TRP (e.g., report if same LO used)
· Time between DL and UL is small enough that the oscillator does not drift (i.e., some coherence time is met) 
At least the LMF needs the information on if the same LO was used for the reported DL RSCP measurement. In addition, the LMF will use UL RSCP reported from the gNB, but LMF may be unclear if it is feasible to combine DL RSCP and UL RSCP or not, unless the LMF is provided with more information on those DL RSCP and UL RSCP measurements. 
Thus, we suggest that the UE provide the LMF with a measurement combining indicator, a DL PRS resource ID and an UL SRS resource ID for positioning in case the UE supports the capability on the same local oscillator for both DL and UL. Based on this information, the LMF will combine the DL RSCP measurement and an UL RSCP measurement associated with the reported SRS resource ID. 
Proposal 3: When the gNB reports a UL RSCP measurement along with a gNB Rx-Tx time difference measurement, it may also provide a DL PRS resource set ID, a DL PRS resource ID, an SRS resource ID for positioning, and an indicator indicating whether the UL RSCP measurement is combinable with a DL RSCP measurement associated with the DL PRS resource set ID and the DL PRS resource ID.
UL CP Measurement Report
To define the specific RF frequency associated with the CP measurements, RAN1 has agreed in the 3GPP RAN1#112bis to support the following definitions for the DL RSCP/RSCPD and UL RSCP measurements, respectively as follows:
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.

To limit reporting the DL RSCPD/RSCP measurement from only one PFL, RAN1 has agreed during the 3GPP RAN1#114 on the following:
Agreement
When DL RSCPD/RSCP measurements are reported together with the DL RSTD/ UE Rx – Tx time difference measurements, the DL RSCPD/RSCP measurements are obtained from a single DL PFL only. 
Note: From RAN1’s perspective, the reporting of the carrier phase measurements from one DL PFL has no impact on the reporting of the DL RSTD and/or UE Rx – Tx time difference measurements from the same DL PFL or other DL PFLs. 

RAN1 also has agreed during the 3GPP RAN1#114-bis to require the UE, which supports CPP in RRC_INACTIVE/RRC_IDLE state, to measure the CP measurements not only from the initial DL BWP (bandwidth part) but from the whole DL PFL as follows:
Agreement
A UE, which has the capability to support CPP in RRC_INACTIVE/RRC_IDLE state, should measure the DL PRS from the whole DL PFL, i.e., not limited to its initial DL BWP. The RF frequency associated with the DL RSCP/RSCPD when UE is in RRC_INACTIVE/RRC_IDLE state can be defined in the same way as a UE in RRC_CONNECTED state 
To convert the CP measurement into distance metric, the center frequency of the CP measurement is essential information. The center frequency is fixed for the PRS/SRS transmission based on PRS/SRS bandwidth configuration. The LMF provides PRS configuration and each PRS resource is associated with a PFL (Positioning Frequency Layer), thus LMF already knows the center frequency information on the PRS. Similarly, gNB(s) provides the UL SRS configuration(s) to the LMF, thus LMF already knows the center frequency information of the SRS transmission. However, the UE/gNB is able to perform CP measurement based on a part of the configured SRS/PRS bandwidth. Thus, UE/gNB can obtain multiple CP measurements within a PFL or a component carrier (CC), but the center frequency of each measurement would not be aligned with the center frequency of the PFL/CC. Thus, it is necessary to provide the center frequency information of the CP measurements as the center frequency of the UL/DL CP measurement could be different than that of the SRS/PRS transmission (i.e., different than what the LMF knows).
RAN1 has not defined a solution to avoid this problem. Furthermore, no signaling was agreed on to inform the entity calculating the UE location with the center frequency(ies) used for the CP measurements which are not necessarily the same as the center frequency used for the SRS and PRS transmissions given the above explained flexibility that the measuring entity (gNB in UL CPP or UE/PRU in DL CPP) has. Having discrepancies between the center frequencies used for CP measurements and RS transmissions will lead to several positioning errors and result in the failure of the CPP method to estimate the UE location preventing it from achieving the target positioning estimation accuracy.
Proposal 4: For UL CPP, the gNBs can report a RSCP measurement and the used specific center frequency information.
Simultaneous measurement 
Proposal 5: RAN1 supports the following text proposal on Clause 5.1.6.5 of TS 38.214.
	<omitted text>
The UE, subject to UE capability, may be requested via [higher layer parameter] to perform positioning measurements on indicated DL PRS resource sets and DL PRS resource(s) occurring within one or more time window(s) indicated by [higher layer parameter]. The UE is expected to obtain 1 DL RSCP or DL RSCPD measurement with  as defined in [11, TS 38.133].
<omitted text>
The UE may be configured with [higher layer parameter] which contains DL carrier phase measurements performed by a positioning reference unit (PRU) [20, TS 38.305] along with the location information of the PRU. The UE may request to be provided with DL RSCP and/or DL RSCP measurements of the PRU for specific DL PRS resource(s) within a time window indicated by [higher layer parameter].
<omitted text>



The reason for the change: As Section 2 briefly showed, the TRP phase offset included in a RSCPD measurement of a target UE and another RSCPD measurement of a PRU would not be the same unless some conditions are satisfied. 
For double differential operation, the LMF would subtract the phase difference measurements between the target UE and the reference UE, i.e., . The two phase difference measurements should be measured with respect to the same two TRPs. The TRP phase bias might not be highly fluctuated, but it might not be a constant value in time-domain, which should be considered. Furthermore, RAN1 needs to consider the impact of TRP Tx timing error group introduced in Rel-17. In our initial understanding, the target UE and reference UE may need to measure the phase difference measurements for the same TRP Tx TEGs.
For UE-based CP positioning, the target UE also perform double differential operation, so the measurements from reference UE are also useful for target UE. For the accuracy enhancement of the UE-based CP positioning, we may need to study whether and how the target UE can request CP measurements of the PRU at the same time that it will measure the carrier phase.
In the current specification, the UE is requested to perform positioning measurements on indicated PRS resource sets, but the DL PRS resource set may contain multiple DL PRS resources, and different DL PRS resources may be transmitted from different antennas and/or associated with different TEGs. Using DL PRS resources that are associated with different TEGs in double differential operations may substantially deteriorate the measurement accuracy. For the accurate measurement performance, we need to support a feature enabling the LMF to request the target UEs and the PRU to perform CP measurements for the indicated PRS resource(s) and report them. The target UE and the PRU needs to perform measurement simultaneously for an indicated PRS resource.   
Further enhancements
The discussion has been mainly focusing on a stationary UE, i.e., the discussion on a non–stationary UE has been limited. However, it is easily understood that the positioning can’t be limited to a stationary UE only.
Positioning of a UE answers to the question where the UE was at time moment . The answer might be available for the user, the network or any other entity accredited to request the information, at time moment . If the UE moves, it is not anymore at time moment  in the location of time moment , within the measurement system accuracy. In the following figure is shown DL PRS transmission and measurement between the gNB and the UE. The UE in this figure performs CP measurement at  and it reports the CP measurement at , according to the configuration. The CP positioning is targeting cm-level of accuracy, so the mobility during  could be critical to positioning accuracy. For example, let us denote a CP measurement by  obtained by the UE at , then the UE should report  rather than  considering the mobility in the time duration between .
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Figure XX5. An illustrative example of UE mobility and its impact to CP positioning.
Another aspect on the mobility is that the measured phase is impacted by the movement through the Doppler shift, and it should be compensated as well. 
The problem is equal regardless of the moving component of the system, or even that both ends of the radio link move. Also, the direction of the signalling (SRS or PRS) does not change the problem.  
While the TRPs measure the SRS for Positioning transmitted by the UE, the well–known physical phenomenon called Doppler shift changes the frequencies received. For a stationary UE the Doppler shift is zero, but for a non–stationary UE it is a co–efficient that is not yet considered in the mobility of the positioning. The receiver knows how to correct the Doppler shift. For the error correction there are two options; a) the error is corrected to the physical signal and the phase information is measured after the correction, or b) the physical signal is measured as received and the correction is done by mathematical manipulation in the signal processing. 
While the compensation technique is similar between DL-based and UL-based positioning methods, we propose as follows:  

Proposal 6: NR CPP should consider the mobility impact to the CP measurements. 
Conclusions
We made the following proposals on CP positioning.
Proposal 1: For DL CPP, LMF requests the UE to maintain time separation between the timestamps of DL RSCP and DL timing measurements within a threshold and to report RSCP measurements along with associated timestamps.
Proposal 2: RAN1 supports the following text proposal on Clause 5.1.6.5 of TS 38.214.
	<omitted text>
For DL UE positioning measurement reporting in higher layer parameter NR-DL-TDOA-SignalMeasurementInformation, the UE may be configured to report the DL Reference Signal Carrier Phase Difference (RSCPD) [7, TS 38.215] measurement along with the DL RSTD. When the UE reports RSCPD measurements the reference nr-DL-PRS-ReferenceInfo is the same as the one reported, for the RSTD measurements. For DL UE positioning measurement reporting in higher layer parameter NR-Multi-RTT-SignalMeasurementInformation the UE may be configured to report the DL Reference Signal Carrier Phase (RSCP) measurement [7, TS 38,215] along with the UE Rx-Tx time difference measurement. When the UE reports DL RSCPD measurement(s) along with DL RSTD measurement(s) or DL RSCP measurement(s) along with UE Rx-Tx time difference measurement(s), the DL RSCPD and/or DL RSCP measurement(s) should be measured from a single DL PRS positioning frequency layer. When the UE reports a DL RSCP measurement along with a UE Rx-Tx time difference measurement, it may include a DL PRS resource set ID, a DL PRS resource ID, an SRS resource ID for positioning, and an indicator [higher layer signaling] indicating whether the DL RSCP measurement is combinable with a UL RSCP measurement associated with the SRS resource ID for positioning. 
<omitted text>


Proposal 3: When the gNB reports a UL RSCP measurement along with a gNB Rx-Tx time difference measurement, it may also provide a DL PRS resource set ID, a DL PRS resource ID, an SRS resource ID for positioning, and an indicator indicating whether the UL RSCP measurement is combinable with a DL RSCP measurement associated with the DL PRS resource set ID and the DL PRS resource ID.
Proposal 4: For UL CPP, the gNBs can report a RSCP measurement and the used specific center frequency information.
Proposal 5: RAN1 supports the following text proposal on Clause 5.1.6.5 of TS 38.214.
	<omitted text>
The UE, subject to UE capability, may be requested via [higher layer parameter] to perform positioning measurements on indicated DL PRS resource sets and DL PRS resource(s) occurring within one or more time window(s) indicated by [higher layer parameter]. The UE is expected to obtain 1 DL RSCP or DL RSCPD measurement with  as defined in [11, TS 38.133].
<omitted text>
The UE may be configured with [higher layer parameter] which contains DL carrier phase measurements performed by a positioning reference unit (PRU) [20, TS 38.305] along with the location information of the PRU. The UE may request to be provided with DL RSCP and/or DL RSCP measurements of the PRU for specific DL PRS resource(s) within a time window indicated by [higher layer parameter].
<omitted text>


Proposal 6: NR CPP should consider the mobility impact to the CP measurements. 
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