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Introduction
The Rel-18 NR expanded and improved positioning WID was agreed upon during the RAN#98-e [1] meeting, where one of the objectives included the support UL and DL Carrier phase positioning. 
During the RAN1#112 [2], RAN1#112bis-e [3], RAN1#113 [4] and RAN1#114 [5] meeting, a number of  agreements were reached to support UL/DL Carrier Phase measurements:
During the previous maintenance phase meeting [6], the following aspects were agreed upon:
	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.
Agreement
For the timestamp associated with a reported UL RSCP measurement, NR-TimeStamp, with the granularity of a slot, currently defined in TS 38.455, can be reused as the timestamp. 
· The TRP may optionally provide an OFDM symbol index in the timestamp.
· Note: It is up to RAN2/RAN3 how to signal the timestamp
Conclusion
No further discussion in RAN1 regarding the definition of per path RSCPD in Rel-18.
· Note: This conclusion does not impact the existing definition of the RSCP.
Conclusion
From RAN1’s perspective, there will be no further discussion on the four options that were agreed to consider in the following agreement made in RAN1#112bis-e.
	Agreement
To support NR carrier phase positioning, further consider the following options:
· 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.


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.
Conclusion
No further discussion in RAN1 regarding the support of standalone reporting of NR carrier phase measurements in Rel-18.
Agreement
Endorse the following TP regarding the reporting of the phase quality indication for the RSCP/RSCPD measurements in Clause 5.1.6.5 of TS 38.214.
	Reason for change:
	The specification does not capture the following agreement made in RAN1#114 regarding to the report of the quality indication associated with DL RSCP/RSCPD measurement.
Agreement
Support UE/TRP to report the phase quality indication for the RSCP/RSCPD measurements. The phase quality indication includes the following fields:
· phase quality index
· phase quality resolution


	Summary of change:
	Add the report of the quality indication associated with DL RSCP/RSCPD measurement according to the agreement made in RAN1#114.

	Consequences if not approved:
	Specification is not aligned with RAN1’s agreement and incomplete



	5.1.6.5	PRS reception procedure
===================== Unchanged parts omitted ======================
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 be configured to report quality metrics [higher layer parameter] corresponding to the DL RSCP and RSCPD measurements which include the following fields [17, TS 37.355]:
-	[phase quality index] which provides the uncertainty of the measurement
-	[phase quality resolution] which specifies the resolution levels used in the [phase quality index] field.
===================== Unchanged parts omitted ======================



Agreement
The timing windows, which were agreed to be introduced for simultaneous PRS measurements in Rel-18, are applicable for UE in RRC_CONNECTED, RRC_INACTIVE, and RRC_IDLE states.
Note: no RAN1 specification impact.
Agreement
The timing windows, which were agreed to be introduced for simultaneous SRS for positioning transmission in Rel-18, are applicable for UE in RRC_CONNECTED and RRC_INACTIVE states.
Note: no RAN1 specification impact.
Agreement
Endorse the TP in Section 9.1 of R1-2310285 for Clause 5.1.6.5 of TS 38.214.
Agreement
Adopt the following changes to the previous agreement made in RAN1#114:
	Agreement
When an LMF requests the UEs, including target UE and PRU(s), to perform measurements on indicated DL PRS resource set(s) occurring within indicated time window(s)
· The duration of a time window can be configured as follows:
· {1, 2, 4, 6, 8, 12, 16} slots.
· the number of the time windows can be:
· {1, 2}
· FFS: {4, 8}
· the number of the indicated DL PRS resource set(s) per TRP within a time window can be {1, 2}:
· DL PRS resource sets across all TRPs are in one DL PFL
· FFS: For PRS bandwidth aggregation, an indicated DL PRS resource set refers to a combination of linked PRS resource sets
· The number of the indicated DL PRS resource set(s) for all TRPs should be the same
· Note: Different PRS resource sets and/or PFLs can be associated with different time windows
· Note: the signaling design for the indication of the DL PRS resource sets in the time windows is up to RAN2/RAN3.


Agreement
Only the carrier phase measurements (i.e., DL/UL RSCP, DL RSCPD) of the first path are supported in Rel-18.
Agreement
· The DL PRS resource used to obtain a DL RSCP measurement is either the same DL PRS resource used to obtain the associated UE Rx-Tx time difference measurement, or one of the DL PRS resources used to obtain the associated UE Rx-Tx time difference measurement.
· Note: a DL RSCP measurement is obtained by measuring a single DL PRS resource from a TRP.

Agreement
Adopt the following changes to the previous agreement made in RAN1#114bis: 
	Agreement
The DL PRS resource used to obtain a DL RSCP measurement is either the same DL PRS resource used to obtain the associated UE Rx-Tx time difference measurement, or one of the DL PRS resources used to obtain the associated UE Rx-Tx time difference measurement.
· Note 1: a DL RSCP measurement is obtained by measuring a single DL PRS resource from a TRP.
· Note 2: It has no RAN1 impact. It is up to RAN2 on how the DL PRS resource IDs of DL RSCP measurements are identified/reported.


Agreement
The pair of the DL PRS resources used to obtain a DL RSCPD measurement are either the same as the pair of DL PRS resources used to obtain the associated DL RSTD measurement, or one of the pairs of DL PRS resources used to obtain the associated DL RSTD measurement.
· Note 1: It has no RAN1 impact. It is up to RAN2 on how the DL PRS resource IDs of DL RSCPD measurements are identified/reported.
Agreement
From RAN1’s perspective, the granularity with ReportingGranularityfactor k={-1, -2} for the reporting of DL/UL timing measurements is applicable to all positioning methods.
Conclusion
No further discussion in RAN1 on how to address the impact of the phase delays on Tx/Rx RF chains in Rel-18.
Note: The conclusion does not preclude further discussion of the phase delays in UE feature for NR CPP.



This contribution provides a discussion into the remaining issues needed to support DL carrier phase measurements.
Discussion
Carrier Frequency Offset (CFO) 
Problem Overview
The effect of Carrier offset is a key impairment to the accuracy of RSCP and RSCPD measurements. In general, carrier phase positioning assumes the existence of initial phase offsets among the gNB/TRPs and between the gNB/TRPs and the UE and PRU receivers which are considered to be static (no mobility assumed).  However, there will be different carrier frequency offsets of the gNB/TRPs relative to target UE and gNB/TRPs relative to PRU which will cause a mean phase error, which depends on the difference of the carrier frequency offset and the number of symbols separating the DL-PRS depending on the subcarrier which is measured within one slot. 
In addition, it was already agreed that a simultaneous measurement window would be supported for UE and PRU to measure DL-PRS at same time, but due to practical restrictions such gNB scheduling, etc., it may not always be possible for these measurements to be taken simultaneously by both PRU and UE.
The error due to the carrier frequency offsets are predictable if the carrier frequency offsets between the TRP transmitters and the UE and PRU receivers are known, however it is required that the CFO is measured at both UE and PRU and then be corrected. 
The carrier frequency tolerance for the base station is defined in TS 38.104 and is given in the following two tables:
Table 6.5.1.2-1: Frequency error minimum requirement
	BS class
	Accuracy

	Wide Area BS
	±0.05 ppm

	Medium Range BS
	±0.1 ppm

	Local Area BS
	±0.1 ppm



Table 9.6.1.3-1: OTA frequency error minimum requirement
	BS class
	Accuracy

	Wide Area BS
	±0.05 ppm

	Medium Range BS
	±0.1 ppm

	Local Area BS
	±0.1 ppm



The carrier frequency tolerance for the UE is defined in TS 38.101-1 for FR1.  In clause 6.4.1 of TS 38.101-1, we have the requirement:
	The UE basic measurement interval of modulated carrier frequency is 1 UL slot. The mean value of basic measurements of UE modulated carrier frequency shall be accurate to within ± 0.1 PPM observed over a period of 1 ms of cumulated measurement intervals compared to the carrier frequency received from the NR Node B.


The effect of carrier frequency offset on a RSCPD measurement when the UE and the PRU take measurements on the same slot is shown in Figure 1.  For this case, it was shown that the mean error (in the carrier phase difference measurement between two TRP’s, l and m (in the same subcarrier), due to carrier frequency offsets is given by:

where  and  denote the phase rotation over one symbol of the carrier of the m-th TRP relative to the UE and the PRU, respectively, and n is the difference in the symbol indices of the two DL-PRS symbols. Here it is assumed that DL-PRS symbol received from the m-th TRP is received n symbols later than the DL-PRS symbol received from the l-th TRP for a SCS=15 kHz as shown in Figure 1.


[bookmark: _Ref149901870]Figure 1: TRP m DL-PRS located n = 4 symbols after TRP l DL-PRS
Given that the frequency error of the TRP, the UE, and the PRU are all limited to ± 0.1 ppm, the maximum frequency difference between the TRP and the UE and between the TRP and the PRU are both limited to 0.2 ppm.  In the case that the UE receiver carrier frequency is at the range minimum and the PRU receiver carrier frequency is at the range maximum, this mean error term can be expressed in degrees as  

Assuming that the RSCPD measurements are made in the same slot, Figure 2 shows the maximum phase error as a function of the carrier frequency and number of symbols separating the measurements from the pair of TRPs. According to Figure 2, it is assumed that the PRU and UE take measurements on the same slot, which is a challenge even with the configured simultaneous measurement window.  
[image: ]
[bookmark: _Ref149902767]Figure 2: Maximum mean phase difference measurement error vs. separation of DL-PRS symbols (UE and PRU take measurements in the same slot)
It is apparent that the maximum value of the mean error will be large especially if the UE and the PRU take measurements with a high symbol separation distance, which implies that the phase error would be especially high on higher comb size configurations, e.g., 6 or 12. 
Observation 1: The maximum phase error increases with the carrier frequency and the time between the DL-PRS used to compute the RSCPD and that this maximum error can be very large.
CFO Error Correction
In the case of UE-assisted CPP, the LMF could correct for this phase error, by enabling the UE and PRU to measure the CFO, which then should be reported to the LMF. In addition, to this carrier frequency offset reporting, the UE and the PRU both report the number of symbols separating the DL-PRS symbols on which the RSCPD measurements were taken. 
A drawback with this approach is the bandwidth required to signal the carrier frequency offsets back to the LMF.  Furthermore, since the carrier frequency offsets will change over time, it may be necessary to report the carrier frequency offsets each time that carrier phase or carrier phase difference measurements are sent to the LMF.  Finally, if carrier phase is reported, then the symbol index must also be reported, and alternatively if carrier phase difference is reported, then the difference in the symbol indices of the positioning reference symbols used to generate the difference must be reported. 
Observation 2: A drawback of reporting the CFO and symbol separation is that this may result in additional complexity and excessive signalling overhead.
Alternatively, the RSCP and RSCPD measurements are performed with respect to a common reference time as further detailed in [7] wherein the RSCPD measurements are referred to, where this approach requires no reporting of CFO and symbol separation duration to the LMF as the CFOs may be internally corrected by the UE and PRU.
The error corrections steps are described as follows:

1. A common reference time for measurements is defined.  According to Figure 3, the common reference time is the first symbol of the slot, which can be defined with respect to a configured simultaneous measurement window, e.g., in this example the start of the measurement window.

2. The carrier frequency offset is estimated by the UE and the PRU for each TRP for which DL-PRS phase measurements are taken.  Let  and  denote the carrier frequency offset of the l-th TRP relative to the UE and the PRU, respectively.  The symbol-to-symbol phase rotations are then given by

and 

for the UE and the PRU, respectively.

3. The DL-PRS phase measurement is referred to the common reference time by subtracting the phase rotation due to the carrier frequency offset in the time interval since the common reference time.
Let  denote the UE’s carrier phase measurement for the DL-PRS received from the l-th TRP in subcarrier i with symbol index k.  The referred carrier phase measurement for the UE is then given by


Similarly, let  denote the PRU’s carrier phase measurement for the DL-PRS received from the l-th TRP in subcarrier i with symbol index k.  The referred carrier phase measurement for the PRU is then given by

4. The carrier phase difference is computed as the difference between the referred carrier phase measurements.  For the UE, the carrier phase difference between the DL-PRS received from TRP l on subcarrier i with symbol index k and the DL-PRS received from TRP m on subcarrier i with symbol index k+n is defined as

	For the PRU and the same pair of DL-PRS, the carrier phase difference is defined as

5. Either the referred carrier phase measurements or the differences between these referred carrier phase measurements are reported to the LMF. Can be applicable to RSCP and/or RSCPD measurements.

It is shown that by referring the carrier phase measurements to a common reference time, the effect of the carrier frequency offsets are removed so long as the estimates of the carrier frequency offsets are accurate.

[image: ]
[bookmark: _Ref149905173]Figure 3: Example of referring carrier phase measurements to a common reference time at both UE and PRU
An additional advantage of referring the carrier phase measurements to a common reference time is that referred carrier phase measurements for DL-PRS received from the same TRP on the same subcarrier can be averaged. Due to the symbol-to-symbol phase rotations of  at the UE, carrier phase measurements on DL-PRS which are n symbols apart will have a mean phase offset of  and thus should not be averaged without first referring to a common reference time.

In Figure 3, an example is provided illustrating how carrier phase measurements can be referred to a common reference time.  In this example, the common reference time for carrier phase measurements is the first symbol of the slot in relation to the configured measurement window.  The measurement of the DL-PRS in subcarrier i with symbol index 2 from TRP l is referred to the first symbol of the slot by subtracting twice the symbol-to-symbol phase rotation due to its carrier frequency offset, so that:

Similarly, the measurement of the DL-PRS in subcarrier i with symbol index 6 from TRP m is referred to the first symbol of the slot by subtracting six times the symbol-to-symbol phase rotation due to its carrier frequency offset and is given by:

In summary, to correct for carrier phase difference measurement errors due to carrier frequency offsets without the need to signal these carrier frequency offsets and the symbol separation durations of the measured symbols to the LMF, the following is proposed:
Proposal 1: Define a common reference time and refer the DL-PRS carrier phase measurements to this reference time by subtracting the symbol-to-symbol phase rotations due to the carrier frequency offset in the time interval between the DL-PRS and the reference time from the carrier phase measurement.
· The same common reference time for the UE and the PRU can be defined with respect to the configured simultaneous measurement window.
· The UE and the PRU report either the referred RSCP measurements or the RSCPD measurements computed using the referred carrier phase measurements.
DL RSCP/RSCPD Delta Reporting
A number of reporting aspects have already been agreed to with respect to DL RSCP/RSCPD reporting including measurements along with associated timestamp and phase quality. Another remaining open issue is whether to support delta reporting of DL RSCP/RSCPD measurements, given that this has already been supported for RSTD and RSRP measurements. One motivation for delta reporting is that the RSCP/RSCPD measurements are single sample and the phase may drift from symbol to symbol even if multiple RSCP/RSCPD measurements are made within a single slot within a configured simultaneous measurement window due to certain error sources, such as effect of CFO, initial phase offset, etc. The delta measurement may be carried in the same report as the original RSCP/RSCPD measurement and the delta computed relative to this original RSCP/RSCPD measurement to be reported. Therefore, the RSCP/RSCPD measurement is obtained by summing the delta measurement with the original RSCP/RSCPD measurement and carried within the same report.
Proposal 2: Support delta reporting of RSCP/RSCPD measurement relative to the original RSCP/RSCPD measurement in the same measurement report.
UE-based CPP and PRU Support
UE-initiated on-demand DL-PRS for RSCPD
Another straight-forward open issue is to clarify whether UE-initiated on-demand DL-PRS is support is also extended to DL RSCPD measurements. Since UE-based positioning supports on-demand DL-PRS for DL-TDOA, it would also be beneficial to extend the same support for DL-PRS assistance data that is shared with DL-TDOA to also perform DL RSCPD measurements. No extra RAN1 specification impact is foreseen, however, RAN2 can be notified to extend any signalling support to on-demand DL-PRS for DL RSCPD (if any).
Proposal 3: Extend UE-initiated on-demand DL-PRS for DL RSCPD. No RAN1 specification impact is foreseen and RAN2 may be notified to provide corresponding support.
DL-RSTD Differential corrections for PRU 
From RAN1 perspective, it is understood that the configured simultaneous measurement window to UE and PRU, may also be applicable to DL-RSTD and UE Rx-Tx time difference measurements. During the RAN1#114 meeting [5], it was agreed that:
	Agreement
For UE-based carrier phase positioning, when LMF forwards the DL carrier phase measurement reported by a PRU to a target UE, the timestamp associated with the PRU carrier phase measurements should also be forwarded in positioning assistance data.


In the case of the legacy measurements for UE-based positioning, the LMF need not forward the DL-RSTD measurements to the UE, but may forward the differential corrections based on the PRU’s measurements to correct for Tx/Rx timing errors. The LMF may also share the differential corrections with UEs performing UE-based positioning in the proximity of the PRU since the positioning calculation is performed at the UE. In this case, the LMF may have already compensated for the differential corrections related to e.g., DL-RSTD measurements and can therefore directly share the differential corrections to UEs performing UE-based DL-TDOA positioning. The differential correction information may include pseudo range differential correction information corresponding to the TRPs that were measured by the PRU. RAN2 may also design the necessary UE-specific or broadcast signalling to enable the target UE to receive such differential corrections from the LMF.
Proposal 4: In case of UE-based positioning, the LMF may provide DL-PRS differential correction information to the target UE based on the performed DL-RSTD measurements performed at the PRU using simultaneous measurement window. Send LS to RAN2 to design the necessary signalling support.
Conclusion
The following observations are summarized with respect to the CFO issue affecting RSCP/RSCPD measurements:
Observation 1: The maximum phase error increases with the carrier frequency and the time between the DL-PRS used to compute the RSCPD and that this maximum error can be very large.
Observation 2: A drawback of reporting the CFO and symbol separation is that this may result in additional complexity and excessive signalling overhead.
The proposals from this carrier phase discussion paper are summarized as follows:
CFO Corrected Measurement
Proposal 1: Define a common reference time and refer the DL-PRS carrier phase measurements to this reference time by subtracting the symbol-to-symbol phase rotations due to the carrier frequency offset in the time interval between the DL-PRS and the reference time from the carrier phase measurement.
· The same common reference time for the UE and the PRU can be defined with respect to the configured simultaneous measurement window.
· The UE and the PRU report either the referred RSCP measurements or the RSCPD measurements computed using the referred carrier phase measurements.

Support for delta reporting for RSCPD measurements
Proposal 2: Support delta reporting of RSCP/RSCPD measurement relative to the original RSCP/RSCPD measurement in the same measurement report.
Support for UE-initiated on-demand DL-PRS for UE-based RSCPD
Proposal 3: Extend UE-initiated on-demand DL-PRS for DL RSCPD. No RAN1 specification impact is foreseen and RAN2 may be notified to provide corresponding support.
Support for transfer of differential correction information for UE-based DL-TDOA
Proposal 4: In case of UE-based positioning, the LMF may provide DL-PRS differential correction information to the target UE based on the performed DL-RSTD measurements performed at the PRU using simultaneous measurement window. Send LS to RAN2 to design the necessary signalling support.
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