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1 Introduction
In RAN1#112 meeting, the following agreements were made for the physical layer measurements for NR carrier phase positioning [1]:
	Agreement
To enable UE-based and UE-assisted NR carrier phase positioning (CPP), one or both of the following new measurements should be introduced:
· DL carrier phase (CP), which is obtained by a UE measuring the DL PRS signal(s) from a TRP.
· FFS: The detailed definition of the DL CP
· DL carrier phase difference (CPD), which is the difference of two DL CPs from two TRPs
· FFS: The detailed definition of the DL CPD
To enable NG-RAN node-assisted NR carrier phase positioning (CPP), the following new measurement should be introduced:
· UL carrier phase (CP), which is obtained by a TRP measuring the UL SRS for positioning or MIMO SRS from a UE.
· FFS: The detailed definition of the UL CP

Agreement
NR DL 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 DL PRS signals configured for the measurement. A RSCP is associated with a specific RF frequency.
· FFS: the reference point of the 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: Whether to capture the above definition into TS 38.215 depends on whether RAN1 decides to introduce DL carrier phase measurement for NR CPP

Agreement
For NR DL reference signal carrier phase difference (RSCPD) measurement for NR CPP, the RSCPD is defined as the difference of RSCPs measured from the DL PRS signals from target TRP and reference TRP.
· FFS: whether/how to define per path RSCPD
· Note: Whether/how to capture the above definition into TS 38.215 depends on whether RAN1 decides to introduce DL carrier phase difference measurement for NR CPP

Agreement
For NR carrier phase positioning, at least support the following approach: enable a UE/TRP to report carrier phase measurements together with the legacy positioning measurements to LMF
· FFS: which legacy positioning measurements among RSTD, RTOA, UE Rx-Tx time difference measurements, gNB Rx-Tx time difference measurements

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



In this contribution, we further provide our views on physical layer measurements and reporting for supporting NR downlink (DL) and uplink (UL) carrier phase positioning.
2 Carrier Phase Measurements
2.1 Carrier Phase Measurements for DL
In the section, we discuss the definition and reporting of DL carrier phase measurements.
2.1.1 DL carrier phase (CP) or carrier phase difference (CPD)
In RAN1#112, the following agreement was made for NR carrier phase positioning [1].
	Agreement
To enable UE-based and UE-assisted NR carrier phase positioning (CPP), one or both of the following new measurements should be introduced:
· DL carrier phase (CP), which is obtained by a UE measuring the DL PRS signal(s) from a TRP.
· FFS: The detailed definition of the DL CP
· DL carrier phase difference (CPD), which is the difference of two DL CPs from two TRPs
· FFS: The detailed definition of the DL CPD



The advantage of CP over CPD lies in the following two folds. Firstly, all CPDs become invalid if the CP of the reference TRP is invalid even if the CPs of the target TRPs are valid. Secondly, CP is more flexible as there is no need for UE to choose the reference TRP when reporting the measurements. On the other hand, CPD has the advantage over CP in that the CPD measurements have less fluctuation (variance). Therefore, both CP and CPD should be supported for Rel-18 DL carrier phase measurements.
There are two methods to support both DL CP and DL CPD. Firstly, the LMF can request a UE to report the DL CP and/or the DL CPD. Secondly, fixed association relationships can be predefined between CP/CPD and non-differential/differential legacy measurements, e.g., an association relationship between UE Rx-Tx time difference and CP, and an association relationship between RSTD and CPD.
Proposal 1: Both carrier phase (CP) and carrier phase difference (CPD) measurements should be supported for Rel-18 DL carrier phase positioning.
Proposal 2: Support LMF to request a UE to report the DL CP and/or the DL CPD, or define the fixed association between DL CP/CPD and legacy measurements, i.e., DL CP is reported together with UE Rx-Tx time difference measurement, and DL CPD is reported together with RSTD measurement.
2.1.2 DL carrier phase measurements definition
In RAN1#112, the following agreements were made for the DL physical layer measurements for NR carrier phase positioning [1].
	Agreement
NR DL 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 DL PRS signals configured for the measurement. A RSCP is associated with a specific RF frequency.
· FFS: the reference point of the 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: Whether to capture the above definition into TS 38.215 depends on whether RAN1 decides to introduce DL carrier phase measurement for NR CPP

Agreement
For NR DL reference signal carrier phase difference (RSCPD) measurement for NR CPP, the RSCPD is defined as the difference of RSCPs measured from the DL PRS signals from target TRP and reference TRP.
· FFS: whether/how to define per path RSCPD
· Note: Whether/how to capture the above definition into TS 38.215 depends on whether RAN1 decides to introduce DL carrier phase difference measurement for NR CPP



Definition of specific RF frequency
Further clarification is required regarding the specific RF frequency for RSCP/RSCPD measurements obtained by a UE from a configured DL CC/PFL. There are at least three options to be considered for the specific RF frequency:
· Option 1: the center RF frequency of the DL CC/PFL. 
· Option 2: the center RF frequency of a sub-bandwidth of the DL CC/PFL, where the sub-bandwidth is a part of the whole bandwidth of DL CC/PFL (more detailed definition of sub-bandwidth can be found in R1-2211205 [2]). 
· Option 3:  the RF frequency of a specific subcarrier within the DL CC/PFL. 
Option 1 can be considered to be the default option. Option 2 and Option 3 allow the UE to provide CP/CPD measurements at more than one specific RF frequency from a single DL PFL, which supports of virtual carrier measurement for improving NR CPP positioning performance compared with using CP/CPD measurements at only one specific RF frequency as evaluated in Rel-18 SI [3].
Option 2 is illustrated in Figure 1, where the channel frequency response (CFR) is first obtained by channel estimation in the frequency domain for all subcarriers. Then, the total CFR is divided into M (M=2 in the figure) sub-bandwidths (i.e., sub-vectors), CFRi. From CFRi, the RSCP  of i-th sub-vector can be calculated, i.e., , where  is the CFR of the central sample of the sub-vector.


Figure 1: Illustration of the Option 2
Proposal 3: The following three options can be considered to define the specific RF frequency for DL RSCP/RSCPD measurements. Option 1 should be the default option, while at least one of Option 2 and Option 3 should also be supported:
· Option 1: The center RF frequency of a DL CC/PFL by default; 
· Option 2: The center RF frequency of a configured sub-bandwidth of a DL CC/PFL;
· Option 3: The RF frequency of a specific subcarrier within a DL CC/PFL.
Reference point of DL RSCP/RSCPD
For DL RSTD and UE Rx-Tx time difference measurements, the reference point is defined as the antenna connector of the UE for FR1 and UE antenna for FR2. The measurement reference points are normally required to be accessible physically supporting the test of the measurement performance. For carrier phase measurement, the definition of reference point for RSTD measurement may no longer be suitable. Instead, the reference point of RSCP/RSCPD should be defined to be the antenna phase center (APC), since the carrier phase is measured referring to the APC. Since the location of the antenna connector may be a few centimeters away from the APC, using the traditional RSTD reference point for DL RSCP/RSCPD may degrade CPP positioning accuracy. 
DL carrier phase measurements and RSTD and/or UE Rx-Tx time difference measurements are normally combined together for CPP positioning. Additional parameters need to be introduced to present the antenna phase center offset (PCO), which is the relative position between the APC to the legacy measurement reference point (aka antenna reference point, ARP). 
Furthermore, the ideal APC and the true APC may not be in the same location. The difference between the ideal APC and the true APC is often called antenna phase center variation (PCV). The APC provided by the manufacture is normally an averaged APC. Whether and how to handle the PCV may be considered in a future release.
Proposal 4: The reference point of NR DL carrier phase measurement should be the antenna phase center (APC) of the UE. To account for the relative position between the APC and the legacy RSTD and/or UE Rx-Tx time difference reference point (aka antenna phase center offset, PCO), additional parameters need to be introduced for UE to report the PCO to LMF. 
Measurement timing
To improve the DL carrier phase measurement performance at a particular RF frequency, a receiver may use DL PRS transmitted at one or multiple OFDM symbols to estimate the carrier phase measurement, as evaluated in Rel-18 SI [3].
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]The measurement timing should be properly defined to determine the effectiveness of the measurement, which is important for double differential operation. The measurement time t should be defined as the time when a receiver receives the PRS/SRS of the OFDM symbol. The reason is as follows. One DL PRS resource may occupy one OFDM symbol or multiple OFDM symbols. Then, NR DL carrier phase measurement can be measured and reported per DL PRS OFDM symbol, and per DL PRS resource. Per OFDM symbol measurement and reporting is beneficial for LMF to carry out the double differential operation, since it allows a precise matching of the measurement times of CP/CPD from the target UE and the PRU, at the cost of higher reporting overhead. On the other hand, per DL PRS resource reporting has lower reporting overhead but it requires defining clearly the reported measurement times both for the target UE and the PRU, e.g., the first OFDM symbol or the last OFDM symbol of DL PRS resource, which can be indicated by network or decided by the target UE and the PRU.
Proposal 5: The measurement time t of a DL RSCP/RSCPD should be specified to support both per OFDM symbol reporting and per DL PRS resource reporting. In the case of per OFDM symbol reporting, the measurement time should align with the OFDM symbol. In the case of per DL PRS resource reporting, the measurement time should be defined as either the first or the last OFDM symbol of the DL PRS resource.
DL RSCP/RSCPD of the first path or additional path 
First of all, it is evident that the RSCP/RSCPD of the first path plays a critical role for NR carrier phase positioning as it represents ideally the LOS distance or propagation delay between a UE and a TRP. Reporting  RSCP/RSCPD of the additional paths provides supplementary information about the wireless channel, which may be used with more advanced algorithms (e.g., AI/ML positioning algorithms) for improving NR carrier phase positioning accuracy. However, the benefits of the carrier phase measurement of the additional paths were not studied indeepth in Rel-18 SI. Therefore, we suggest to support only reporting of DL RSCP/RSCPD of the first path in Rel-18. The reporting of the DL RSCP/RSCPD of the additional paths can be considered in a future release.
Proposal 6: In Rel-18, support only reporting DL RSCP/RSCPD of the first path. 
NR DL accumulated carrier phase (ACP)/ accumulated carrier phase difference (ACPD)
For supporting GNSS RTK positioning, carrier phase measurement has been defined in 3GPP TS 37.355 [4] and ETSI TS 103 246-1 [5]. For example, in ETSI TS 103 246-1 [5], carrier phase measurement is defined as “a measure of the range between the satellite and receiver expressed in units of cycles of the carrier frequency”, which is similar to the definition given by RAN1 during Rel-18 SI [3]. The carrier phase measurement provided by a GNSS receiver is called accumulated Delta or Doppler Range (ADR), where ADR is defined as “pseudorange-rate measurement using the carrier which measures the instantaneous phase of the signal (modulo 1 cycle) plus some arbitrary number of integer cycles. NOTE: Once the receiver is tracking the satellite, the integer number of cycles correctly accumulates the change in range seen by the receiver.” 
It is important to point out that the definition of the ADR covers both the instantaneous phase when a receiver initially locks the GNSS signal, and the accumulated phase, in which the integer number of cycles due to the change in range between the receiver and the GNSS satellites is counted and accumulated.
For NR DL carrier phase positioning, the definition of NR DL carrier phase measurement should cover both the downlink instantaneous carrier phase (DL ICP) and the downlink accumulated carrier phase (DL ACP) similar to GNSS carrier phase measurement in our view.
The definitions of DL RSCP/RSCPD agreed in RAN1#112 can be seen as the definition for instantaneous carrier phases (ICP). DL ACP can be defined as the DL RSCP (ICP), plus some arbitrary number of integer cycles, which is accumulated based on the change of the phase cycles when the receiver keeps tracking of the DL PRS signals from a TRP, i.e., DL ICP = DL ACP (modulo 1 cycle).
As an example, Figure 2 illustrates the relationship between DL ICP and DL ACP. In Figure 2, it is assumed DL PRS are transmitted in OFDM symbols 0 to 5. If a UE locks the DL PRS signal and provides the carrier phase in any of the OFDM symbols, e.g., the i-th OFDM symbol, it will have the ICP measurements  If the UE is able to track the DL PRS signals continuously in the OFDM symbols to provide the carrier phase measurements, then it will be able to track/count the phase cycle changes, and determine the accumulated changes of the integer number of cycles. In Figure 2, it is assumed the UE initially locks on the DL carrier signals in OFDM symbol 0, and then keeps tracking the carrier phase in all OFDM symbols, and provide the ACP measurement . 
For the ICP measurements, it does not need to track the changes of the accumulated changes of the integer number of cycles. It may have a simpler implementation for the receiver without the need to implement the phase lock loop. The issue is that ICP phase measurements may have different integer ambiguities. 
The main benefit of supporting the ACP measurements is that the ACP measurements have the same integer ambiguity (in the above example,  has the same integer ambiguity, which is the integer ambiguity when the UE initially locks the DL PRS in OFDM symbol 0). Supporting the ACP measurements requires the receiver has the capability to track the changes of the integer number of cycles of the carrier phase across multiple OFDM symbols. 


Figure 2: Relationship between DL ICP and DL ACP measurements
Therefore, both ICP and ACP should be considered in 5G NR CPP as in GNSS CPP. The ADR definitions provided in 3GPP TS 37.355 [4] and ETSI TS 103 246-1 [5] can be considered to be extended to define the accumulated NR carrier phase measurements.
Proposal 7: In NR DL carrier phase positioning, the DL accumulated RSCP (A-RSCP) can be defined as the sum of DL RSCP and an accumulated number of integer cycles, which accounts for the change of the phase cycles after the receiver begins tracking the DL PRS signals from a TRP, i.e., DL RSCP = DL A-RSCP (modulo 1 cycle). 
Proposal 8: In NR DL carrier phase positioning, the DL accumulated RSCPD (A-RSCPD) can be defined as the difference between two A-RSCPs: one is measured from the DL PRS signals from target TRP and the other from the reference TRP.
2.1.3 DL carrier phase measurements reporting
Reporting of DL carrier phase measurement
In RAN1#112, it was agreed to enable a UE/TRP to report carrier phase measurements together with the legacy positioning measurements to LMF, where the specific legacy positioning measurements are FFS. In our view, for NR DL CPP, UE can report carrier phase measurements together with the RSTD, and UE Rx-Tx time difference. For legacy positioning methods such as DL-TDOA, DL-AoD and Multi-RTT, UE can also report carrier phase measurements together with RSTD, UE Rx-Tx time difference measurements.
Proposal 9: For NR DL CPP, support a UE to report DL carrier phase measurements (RSCP or RSCPD) together with RSTD or UE Rx-Tx time difference to the LMF.
Additional measurement reporting contents 
In RAN1#112, the following four options were agreed to be further considered for additional measurement reporting contents [1].
	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.



For Rel-18 NR DL CPP, Option 1 supports a UE to report the carrier phase measurements of more than one frequency within a PFL to LMF. In comparison with reporting only the carrier phase measurements of one carrier frequency within a PFL, Option 1 is very helpful for improving the positioning performance as shown in our evaluation results in [3].
Proposal 10: For Rel-18 NR DL CPP, at least support a UE to report DL RSCP/RSCPD of multiple RF frequencies within a PFL to LMF (Option 1).
Frequency indication for reporting of NR DL RSCP/RSCPD
NR DL carrier phase measurements can be obtained from the DL PRS signals transmitted in multiple OFDM symbols from one or multiple DL PRS resources in time-domain and from multiple DL PRS REs in frequency-domain. For NR carrier phase positioning, the NR carrier phase measurements (RSCP/A-RSCP) and NR carrier phase difference measurement (RSCPD/A-RSCPD) obtained from multiple OFDM symbols need to be associated with the same configured/selected RF frequency (or multiple configured/selected RF frequencies in a PFL if Option 1 discussed above is supported. To achieve this, UE needs to address properly the issue that DL PRS signals in different OFDM symbols are not transmitted at the same (sub)carrier frequencies due to the stagger pattern for DL PRS resource as shown in Figure 3. How to address this issue will be up to UE’s implementation.



Figure 3: Resource pattern for DL positioning
Proposal 11: If the RF frequency of a specific subcarrier within a DL PFL is used for definition the specific RF frequency for DL RSCP/RSCPD measurement (Option 3 in Proposal 3), support LMF/gNB to indicate the specific RF frequency(ies) for a UE to report DL RSCP/RSCPD. The specific RF frequency(ies) apply to all DL RSCP/RSCPD measurements regardless the DL RSCP/RSCPD measurements are obtained from which OFDM symbol(s).
2.1.4 DL carrier phase measurement procedures
With the reuse of the existing Rel-16 DL PRS and SRS for positioning for NR carrier phase positioning, the NR carrier phase measurements can be requested, measured and reported together with the existing positioning measurements. Thus, existing physical layer procedures for current positioning methods can be re-used and enhanced for supporting the NR carrier phase positioning for UE in RRC_CONNECTED and RRC_INACTIVE states, including the measurement configuration, measurement request and measurement report with potential enhancements of the message content (e.g., the configuration related to the NR carrier phase positioning) for both with and without measurement gap scenarios. 
[bookmark: P11]Proposal 12: For both UE-based and UE-assisted NR DL carrier phase positioning for UE in RRC_CONNECTED and RRC_INACTIVE states, support reuse of existing physical layer procedures for DL positioning (e.g., DL-TDOA) with the necessary enhancements in measurement configuration, request and report (e.g., adding the configuration related to the NR DL CPP) for both with and without measurement gap scenarios.
· FFS: the details of the enhancements.
For supporting NR DL CPP, it is expected that the higher layer signaling and procedures need to be enhanced for the configuration, the request and the report of new NR carrier phase measurements and information for NR carrier phase positioning of the target UE and the PRU for both UE-based and UE-assisted carrier phase positioning. For example, reuse the traditional procedure with updated triggering/configuration parameter or define new procedure for NR DL CPP. The details of the enhancements should be decided by RAN2/RAN3
Proposal 13: From RAN1’s perspective, existing higher layer procedures for NR positioning can be enhanced to support both UE-based and UE-assisted NR carrier phase positioning in RRC_CONNECTED and RRC_INACTIVE states for both with and without measurement gap scenarios. 
· The details of the enhancements can be decided by RAN2/RAN3.
2.1.5 Simultaneous measurements of the same DL PRS for multiple UEs (target UE and PRUs)
In RAN1#112, a reply LS on PRU procedures was agreed [6] and it was agreed that RAN1 will discuss what enhancements to LPP, NRPPa, and/or RAN signaling are necessary to support simultaneous measurements of the same DL PRS for multiple UEs, including a target UE and a PRU(s). The main motivation for simultaneous measurements of the same DL PRS for multiple UEs is for the support of the double differential positioning, which in general requires the measurements to be obtained from the same DL PRS at the same time for effectively eliminating the common measurements errors, especially the errors caused by UE/TRP timing and frequency offsets.
In our view, for effectively supporting double differential positioning with simultaneous measurements of the same DL PRS for target UE and PRU(s), at least the following aspects should be supported:
· Serving and neighboring gNB/TRPs should transmit the DL PRS simultaneously or within a very small time interval for effectively eliminating the impact of timing and frequency offsets of UEs. This may require the coordination between LMF and gNB/TRPs for the periodicity and time offset for the transmission of DL PRS resources, e.g., LMF requests serving and neighboring gNB/TRPs about the configuration of PRS resources (resource sets) for the target UE and the PRU(s) within a relatively small time interval. 
· The target UE and the PRU(s) should simultaneously measure the same DL PRS resources to provide the DL measurements for effectively eliminating the impact of the timing and frequency offsets of different TRPs. This may require LMF or serving gNB to request the target UE and the PRU(s) about to measure DL PRS resources (resource sets) within a configured/pre-defined time window and report the measurement (and optional reference TRP), so that the target UE and the PRU(s) can measure the PRS from the same set of TRPs within a relatively small time interval.
Proposal 14: For simultaneous measurements of the same DL PRS for target UE and PRU(s), at least support the following two procedures:
· LMF requests the serving and neighboring gNB/TRPs to transmit the DL PRS within the DL PRS resources (resource sets) with the same periodicity and offset for the target UE and the PRU(s).
· LMF or serving gNB/TRP requests the target UE and the PRU(s) to measure the DL PRS within the DL PRS resources (resource sets) within a configured/pre-defined time window and report the measurements.
2.2 Carrier Phase Measurements for UL 
2.2.1 UL carrier phase measurements definition
In RAN1#112, the following agreement was made for the UL physical layer measurements for NR carrier phase positioning [1].
	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.
· 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



Definition of specific RF frequency
Similar as DL, further clarification is required regarding the specific RF frequency for UL RSCP measurements. At least the following three options can be considered for the specific RF frequency: 1) the center RF frequency of the UL carrier; 2) the center RF frequency of a sub-bandwidth of the UL carrier; and c) the RF frequency of a specific subcarrier within the UL carrier. Option 2 and Option 3 allow the gNB to provide UL RSCP measurements at more than one specific RF frequency, which can provide positioning performance better than using RSCP measurements from only one specific RF frequency [3]. 
Proposal 15: The specific RF frequency for a UL RSCP measurement can be defined in the following options: 
· Option 1: The center RF frequency of a UL carrier by default; 
· Option 2: The center RF frequency of a configured sub-bandwidth of a UL carrier;
· Option 3: The RF frequency of a specific subcarrier within a UL carrier.
Reference point of UL RSCP
For UL RTOA and gNB Rx-Tx time difference measurements, the reference point is defined differently for the different type of base station [7]. The measurement reference points are normally required to be accessible physically. For carrier phase measurement, the antenna connector may be no longer suitable. Instead, the reference point of RSCP should be defined to be the antenna phase center (APC), since the carrier phase is measured referring to the APC. Since the location of antenna connector may be a few centimeters away from the APC, using the traditional RTOA reference point for UL RSCP may degrade CPP positioning accuracy. 
Because UL RSCP and RTOA are normally combined together in UL CPP positioning, additional parameters need to be introduced to present the antenna phase center offset (PCO), which is relative position between the APC to the ARP. 
Furthermore, the ideal APC and the true APC may not be in the same location. The difference between ideal APC and the true APC is often called antenna phase center variation (PCV). The APC provided by a manufacture is normally the averaged APC. 
Proposal 16: The reference point of NR UL RSCP should be the antenna phase center (APC) of the gNB/TRP. To account for the relative position between the APC and the legacy RTOA and/or gNB Rx-Tx time difference reference point (aka antenna phase center offset, PCO), additional parameters need to be introduced for gNB/TRP to report the PCO to LMF.
Measurement timing
Similar to DL CPP, to improve the UL carrier phase measurement performance at a particular RF frequency, a receiver may use UL SRS transmitted at one or multiple OFDM symbols to estimate the carrier phase measurement, as evaluated in Rel-18 SI [3].
The measurement timing should be properly defined to determine the effectiveness of the measurement, which is important for double differential operation. The measurement time t should be defined as the time when a receiver receives the SRS of the OFDM symbol. The reason is as follows. One UL SRS resource may occupy one OFDM symbol or multiple OFDM symbols. Then, NR UL carrier phase measurement can be measured and reported per UL SRS OFDM symbol, and per UL SRS resource. Per OFDM symbol measurement and reporting is beneficial for LMF to carry out the double differential operation, since it allows a precise matching of the measurement times of RSCP from reference TRP and neighbor TRPs, at the cost of higher reporting overhead. On the other hand, per UL SRS resource reporting has lower reporting overhead but it requires defining clearly the reported measurement times both for reference TRP and neighbor TRPs, e.g., the first OFDM symbol or the last OFDM symbol of UL SRS resource, which can be indicated by network or decided by gNB.
Proposal 17: The measurement time t of a UL RSCP should be specified to support both per OFDM symbol reporting and per UL SRS resource reporting. In the case of per OFDM symbol reporting, the measurement time should align with the OFDM symbol. In the case of per UL SRS resource reporting, the measurement time should be defined as either the first or the last OFDM symbol of the UL SRS resource.
UL RSCP of the first path or additional path 
[bookmark: _GoBack]Similar to DL RSCP/RSCPD, we propose to support only reporting UL RSCP of the first path.
Proposal 18: In Rel-18, support only reporting UL RSCP of the first path. 
NR UL accumulated carrier phase (ACP)
Similar to DL ACP, we propose the following definition of NR UL accumulated carrier phase measurements.
Proposal 19: In NR UL carrier phase positioning, the UL accumulated RSCP (A-RSCP) can be defined as the sum of UL RSCP and an accumulated number of integer cycles, which accounts for the change of the phase cycles after the receiver begins tracking the UL SRS signals from UE or PRU, i.e., UL RSCP = UL A-RSCP (modulo 1 cycle). 
2.2.2 UL carrier phase measurements reporting
Reporting of UL carrier phase measurement
In RAN1#112, it was agreed that for NR UL CPP, gNB can report carrier phase measurements together with the legacy positioning measurements to LMF, but it is undecided which legacy positioning measurements can be reported together. In our view, at least report UL RSCP together with RTOA or gNB Rx-Tx time difference should be supported.
Proposal 20: For NR UL CPP, support gNB/TRP to report UL RSCP together with RTOA or gNB Rx-Tx time difference to the LMF.
Additional measurement reporting contents 
Similar to the discussion of NR DL CPP, we propose supporting a gNB/TRP to report the carrier phase measurements of more than one frequency within a UL carrier to LMF (Option 1 in previous agreement). In comparison with reporting only the carrier phase measurements of one carrier frequency within a UL carrier, Option 1 is very helpful for improving the positioning performance as shown in our evaluation results in [2].
Proposal 21: For Rel-18 NR UL CPP, at least support a gNB/TRP to report the UL RSCP measurements of multiple RF frequencies within a UL carrier to LMF (Option 1). 
Frequency indication for reporting of UL RSCP
NR UL carrier phase measurements can be obtained from the UL SRS-Pos signals transmitted in multiple OFDM symbols from one or multiple UL SRS-Pos resources in time-domain and from multiple UL SRS-Pos REs in frequency-domain. Similar to NR DL carrier phase measurements, we support the following frequency indication for reporting of NR UL RSCP.
Proposal 22: If the RF frequency of a specific subcarrier within a UL carrier is used for definition the specific RF frequency for UL RSCP measurement (Option 3 in Proposal 15), support LMF to indicate a gNB to report UL RSCP with the specific RF frequency(ies). The specific RF frequency(ies) apply to all UL RSCP measurements regardless the UL RSCP measurements are obtained from which OFDM symbol(s).
2.2.3 UL carrier phase measurement reporting triggering procedures
With the reuse of the existing Rel-16 PRS and SRS for positioning for NR carrier phase positioning, the NR UL RSCP can be requested, measured and reported together with the existing UL RTOA. Thus, existing physical layer procedures for existing UL positioning methods can be re-used and enhanced for supporting the NR UL carrier phase positioning for UE in RRC_CONNECTED and RRC_INACTIVE states, including the measurement configuration, measurement request and measurement report with potential enhancements of the message content (e.g., the configuration related to the NR carrier phase positioning). 
Proposal 23: For NR UL carrier phase positioning for UE in RRC_CONNECTED and RRC_INACTIVE states, support reuse of existing physical layer procedures for UL positioning (e.g., UL-TDOA), with necessary enhancements in the measurement configuration, measurement request and measurement report (e.g., the configuration related to the NR UL CPP).
· FFS: the details of the enhancements.
For supporting NR UL CPP, it is expected that the higher layer signaling and procedures need to be enhanced for the configuration, the request and the report of new NR carrier phase measurements and information for NR carrier phase positioning of the reference TRP and neighbor TRP for UE-assisted carrier phase positioning. For example, reuse the traditional procedure with updated triggering/configuration parameter or define new procedure for NR UL CPP. The details of the enhancements can be decided by RAN2/RAN3.
Proposal 24: From RAN1’s perspective, existing higher layer procedures for NR UL positioning can be enhanced to support NR UL carrier phase positioning in RRC_CONNECTED and RRC_INACTIVE states.
· The details of the enhancements can be decided by RAN2/RAN3.
2.2.4 Simultaneous transmission and measurement of SRS for multiple UEs (target UE and PRUs)
In RAN1#112, a reply LS on PRU procedures was agreed [6] and it was agreed that current RAN1 specifications do not support a mechanism to ensure simultaneous measurements/transmissions (e.g. in the same slot(s)) for multiple UEs, including a target UE and PRU(s). RAN1 will continue discussions on what enhancements to LPP, NRPPa, and/or RAN signaling are necessary to support simultaneous transmission of SRS for multiple UEs, including a target UE and PRU(s).
In our view, for simultaneous transmission of SRS for target UE(s) and PRU(s), the target UE and PRU(s) should transmit the SRS simultaneously or within a very small time interval for effectively eliminating the impact of timing and frequency offsets of different target UE and PRU(s). This may require the coordination between LMF and serving gNB/TRPs for the periodicity and time offset for the transmission of SRS from the target UE and PRU(s), e.g., LMF requests the serving gNB/TRP to configure the target UE and PRU(s) to transmit UL SRS within a relatively small time interval.
Proposal 25: For simultaneous transmission of SRS for target UE and PRU(s), support LMF to request the serving gNB(s) to configure the target UE and the PRU(s) to transmit UL SRS within a relatively small time interval.
Similar to DL double differential positioning in section 2.1.5, simultaneous measurements of the SRS(s) from the target UE and the PRU(s) by different gNB/TRPs should also be supported for UL double differential positioning for effectively eliminating the impact of the timing and frequency offsets of TRPs. At least support the following procedures:
· The coordination of between LMF and the serving gNB(s) of the target UE and the PRU(s) to schedule the SRS transmission within a time window, where the granularity of the time window can be OFDM symbol or slot.
· LMF requests the serving and neighboring gNB/TRPs of the target UE and the PRU(s) to receive SRS transmitted by the target UE and PRU(s) within a configured time window and to report the corresponding UL RSCP measurements.
Proposal 26: For simultaneous measurements of the SRS(s) from the target UE and the PRU(s) by different gNB/TRPs, at least support the following two procedures:
· The coordination of between LMF and the serving gNB(s) of the target UE and the PRU(s) to schedule the SRS transmission within a time window, where the granularity of the time window can be OFDM symbol or slot.
· LMF requests the serving and neighboring gNB/TRPs of the target UE and the PRU(s) to receive SRS transmitted by the target UE and PRU(s) within a configured time window and to report the corresponding UL RSCP measurements. 
2.3 Impact of updated WID 
In updated WID [8], the Rel-18 WI objectives related to carrier phase positioning (CPP) are updated in the following:
	· 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].



The update objective is on specifying RRM measurements with measurement gaps for carrier phase positioning. There is no specification impact from RAN1’s perspective.
Observation 1: From RAN1’s perspective, the updated WID has no specification impact.
3 Conclusions
In this contribution, we further discuss physical layer measurements and reporting to support NR DL and UL carrier phase positioning, and give the following observations and proposals.
Observation 1: From RAN1’s perspective, the updated WID has no specification impact.
Proposal 1: Both carrier phase (CP) and carrier phase difference (CPD) measurements should be supported for Rel-18 DL carrier phase positioning.
Proposal 2: Support LMF to request a UE to report the DL CP and/or the DL CPD, or define the fixed association between DL CP/CPD and legacy measurements, i.e., DL CP is reported together with UE Rx-Tx time difference measurement, and DL CPD is reported together with RSTD measurement.
Proposal 3: The following three options can be considered to define the specific RF frequency for DL RSCP/RSCPD measurements. Option 1 should be the default option, while at least one of Option 2 and Option 3 should also be supported:
· Option 1: The center RF frequency of a DL CC/PFL by default; 
· Option 2: The center RF frequency of a configured sub-bandwidth of a DL CC/PFL;
· Option 3: The RF frequency of a specific subcarrier within a DL CC/PFL.
Proposal 4: The reference point of NR DL carrier phase measurement should be the antenna phase center (APC) of the UE. To account for the relative position between the APC and the legacy RSTD and/or UE Rx-Tx time difference reference point (aka antenna phase center offset, PCO), additional parameters need to be introduced for UE to report the PCO to LMF. 
Proposal 5: The measurement time t of a DL RSCP/RSCPD should be specified to support both per OFDM symbol reporting and per DL PRS resource reporting. In the case of per OFDM symbol reporting, the measurement time should align with the OFDM symbol. In the case of per DL PRS resource reporting, the measurement time should be defined as either the first or the last OFDM symbol of the DL PRS resource.
Proposal 6: In Rel-18, support only reporting DL RSCP/RSCPD of the first path. 
Proposal 7: In NR DL carrier phase positioning, the DL accumulated RSCP (A-RSCP) can be defined as the sum of DL RSCP and an accumulated number of integer cycles, which accounts for the change of the phase cycles after the receiver begins tracking the DL PRS signals from a TRP, i.e., DL RSCP = DL A-RSCP (modulo 1 cycle). 
Proposal 8: In NR DL carrier phase positioning, the DL accumulated RSCPD (A-RSCPD) can be defined as the difference between two A-RSCPs: one is measured from the DL PRS signals from target TRP and the other from the reference TRP.
Proposal 9: For NR DL CPP, support a UE to report DL carrier phase measurements (RSCP or RSCPD) together with RSTD or UE Rx-Tx time difference to the LMF.
Proposal 10: For Rel-18 NR DL CPP, at least support a UE to report DL RSCP/RSCPD of multiple RF frequencies within a PFL to LMF (Option 1). 
Proposal 11: If the RF frequency of a specific subcarrier within a DL PFL is used for definition the specific RF frequency for DL RSCP/RSCPD measurement (Option 3 in Proposal 3), support LMF/gNB to indicate the specific RF frequency(ies) for a UE to report DL RSCP/RSCPD. The specific RF frequency(ies) apply to all DL RSCP/RSCPD measurements regardless the DL RSCP/RSCPD measurements are obtained from which OFDM symbol(s).
Proposal 12: For both UE-based and UE-assisted NR DL carrier phase positioning for UE in RRC_CONNECTED and RRC_INACTIVE states, support reuse of existing physical layer procedures for DL positioning (e.g., DL-TDOA) with the necessary enhancements in measurement configuration, request and report (e.g., adding the configuration related to the NR DL CPP) for both with and without measurement gap scenarios.
· FFS: the details of the enhancements.
Proposal 13: From RAN1’s perspective, existing higher layer procedures for NR positioning can be enhanced to support both UE-based and UE-assisted NR carrier phase positioning in RRC_CONNECTED and RRC_INACTIVE states for both with and without measurement gap scenarios. 
· The details of the enhancements can be decided by RAN2/RAN3.
Proposal 14: For simultaneous measurements of the same DL PRS for target UE and PRU(s), at least support the following two procedures:
· LMF requests the serving and neighboring gNB/TRPs to transmit the DL PRS within the DL PRS resources (resource sets) with the same periodicity and offset for the target UE and the PRU(s).
· LMF or serving gNB/TRP requests the target UE and the PRU(s) to measure the DL PRS within the DL PRS resources (resource sets) within a configured/pre-defined time window and report the measurements.
Proposal 15: The specific RF frequency for a UL RSCP measurement can be defined in the following options: 
· Option 1: The center RF frequency of a UL carrier by default; 
· Option 2: The center RF frequency of a configured sub-bandwidth of a UL carrier;
· Option 3: The RF frequency of a specific subcarrier within a UL carrier.
Proposal 16: The reference point of NR UL RSCP should be the antenna phase center (APC) of the gNB/TRP. To account for the relative position between the APC and the legacy RTOA and/or gNB Rx-Tx time difference reference point (aka antenna phase center offset, PCO), additional parameters need to be introduced for gNB/TRP to report the PCO to LMF.
Proposal 17: The measurement time t of a UL RSCP should be specified to support both per OFDM symbol reporting and per UL SRS resource reporting. In the case of per OFDM symbol reporting, the measurement time should align with the OFDM symbol. In the case of per UL SRS resource reporting, the measurement time should be defined as either the first or the last OFDM symbol of the UL SRS resource.
Proposal 18: In Rel-18, support only reporting UL RSCP of the first path.
Proposal 19: In NR UL carrier phase positioning, the UL accumulated RSCP (A-RSCP) can be defined as the sum of UL RSCP and an accumulated number of integer cycles, which accounts for the change of the phase cycles after the receiver begins tracking the UL SRS signals from UE or PRU, i.e., UL RSCP = UL A-RSCP (modulo 1 cycle). 
Proposal 20: For NR UL CPP, support gNB/TRP to report UL RSCP together with RTOA or gNB Rx-Tx time difference to the LMF.
Proposal 21: For Rel-18 NR UL CPP, at least support a gNB/TRP to report the UL RSCP measurements of multiple RF frequencies within a UL carrier to LMF (Option 1). 
Proposal 22: If the RF frequency of a specific subcarrier within a UL carrier is used for definition the specific RF frequency for UL RSCP measurement (Option 3 in Proposal 15), support LMF to indicate a gNB to report UL RSCP with the specific RF frequency(ies). The specific RF frequency(ies) apply to all UL RSCP measurements regardless the UL RSCP measurements are obtained from which OFDM symbol(s).
Proposal 23: For NR UL carrier phase positioning for UE in RRC_CONNECTED and RRC_INACTIVE states, support reuse of existing physical layer procedures for UL positioning (e.g., UL-TDOA), with necessary enhancements in the measurement configuration, measurement request and measurement report (e.g., the configuration related to the NR UL CPP).
· FFS: the details of the enhancements.
Proposal 24: From RAN1’s perspective, existing higher layer procedures for NR UL positioning can be enhanced to support NR UL carrier phase positioning in RRC_CONNECTED and RRC_INACTIVE states.
· The details of the enhancements can be decided by RAN2/RAN3.
Proposal 25: For simultaneous transmission of SRS for target UE(s) and PRU(s), support LMF to request the serving gNB(s) to configure the target UE(s) and PRU(s) to transmit UL SRS within a relatively small time interval.
Proposal 26: For simultaneous measurements of the SRS(s) from the target UE and the PRU(s) by different gNB/TRPs, at least support the following two procedures:
· The coordination of between LMF and the serving gNB(s) of the target UE and the PRU(s) to schedule the SRS transmission within a time window, where the granularity of the time window can be OFDM symbol or slot.
· LMF requests the serving and neighboring gNB/TRPs of the target UE and the PRU(s) to receive SRS transmitted by the target UE and PRU(s) within a configured time window and to report the corresponding UL RSCP measurements. 
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5 Appendix A: OFDM model for NR carrier phase positioning
Different from GNSS positioning signals, where pseudorandom code (PRN) is modulated on signal carrier frequency, NR positioning signals are OFDM signals, where the received data symbol at subcarrier k of m-th OFDM symbol, , in a slot in frequency-domain, with the consideration of both the time offset  and the frequency offset  between the transmitter and the receiver, can be expressed as follows [9, 10, 11]:
	
	
	(A1)


where  is the transmitted symbol at subcarrier k of m-th OFDM symbol,  is the normalized frequency offset  with respective to the SCS , i.e., , and  is the channel frequency response (CFR) at the subcarrier k, and  is the measurement error. Under the impact of multipath, the CFR can be described as follows:
                                                                      (A2)
where  is the number of paths,  and  are the relative attenuation, and propagation delay corresponding to the -th path.  is the initial phase shift at the start of a slot.
For simplicity, let us consider the CFR of LOS path:
                                                                      (A3)
where  and  are the relative attenuation, and propagation delay corresponding to the LOS path.
Multiplied by in Eq. (A1), the phase of estimated CFR  at a given time t is given by:
   (A4)
Eqn. (A4) shows that the phase of   is related to:
· The propagation delay corresponding to the LOS path 
· The subcarrier index, or subcarrier frequency 
· The OFDM symbol index m 
· The frequency offset 
· The time offset 
· The initial phase offset .
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