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1 Introduction
In RAN#98 meeting, a new work item on expanded and improved NR positioning was approved [1]. The Rel-18 WI objectives related to carrier phase positioning (CPP) are shown 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 without measurement gaps in connected and inactive mode (including PRS measurement period/reporting) and procedures [RAN4].
In this contribution, we provide our views on physical layer measurements for supporting NR downlink (DL) and uplink (UL) carrier phase positioning.
2 Carrier Phase Measurements
During the Rel-18 SI, the following agreement was made related to the definition of the carrier phase for the purposes of discussion of carrier phase positioning [2].
	Agreement
· For the purposes of discussion, for NR downlink and/or uplink carrier phase positioning, the carrier phase (CP) at a RF frequency at a receiver is a phase that is a function of the signal propagation time from a Tx antenna reference point of a transmitter (e.g., a TRP or a UE) to a Rx antenna reference point of the receiver (e.g., a UE or a TRP).
· The propagation time can be expressed in a fractional part of a cycle of the RF frequency and a number of integer cycles, but the CP may be independent of the number of integer cycles. 



The definition of the carrier phase above was made to facilitate the study of the carrier phase positioning (e.g., how the carrier phase is related to the signal propagation time used for positioning, and what are the potential error sources in the carrier phase, etc.). The definition is a general definition in the sense that it is applicable to all carrier phase positioning systems, including GNSS CPP and NR CPP. For NR CPP, we will need to define more specifically the physical layer NR carrier phase measurements. The definition should include specifically how the carrier phase measurements are related to the NR positioning reference signals. 
As we discussed in Rel-18 SI [3~5] (also see Appendix A), the carrier phase, , with the (sub)carrier frequency  for subcarrier index  at a given time t, where  is the carrier frequency for subcarrier =0 and  is subcarrier spacing, is related to the estimated channel frequency response (CFR)  of the resource element (RE) as follows:
   (1)
where is the propagation delay corresponding to the LOS path, m is the OFDM symbol index; ,  and  are, respectively, the frequency offset, the time offset and the initial phase offset .

Eqn. (1) shows that an NR carrier phase measurement obtained from DL PRS signals in an RE is related to the subcarrier index (or subcarrier frequency) of the RE in frequency-domain and the OFDM symbol index of the RE in time-domain. Eqn. (1) also shows the carrier phase measurements are impacted by the frequency offset , the initial phase offset  and the time offset . These errors are in general unknown when the receiver obtains the phase measurement, and the impact of these errors can be later removed, e.g., by the use of the double differential technique as discussed in Rel-18 SI [3][6].
Observation 1: NR carrier phase measurement can be obtained from the DL PRS / UL SRS-Pos signal(s) transmitted in a DL PRS/UL SRS-Pos RE (k, m), where k is the subcarrier index, and m is the OFDM symbol index. The NR carrier phase measurement from RE (k, m) is associated with the (sub)carrier frequency  of the subcarrier in the frequency domain, where  is the absolute carrier frequency of subcarrier index k=0, and the OFDM symbol m in the time-domain.
In practice, the carrier phase measurement obtained from a single RE may not be accurate. To improve the DL/UL carrier phase measurement performance at a particular subcarrier frequency  at a particular OFDM symbol m, the receiver will generally use multiple or all DL PRS / UL SRS-Pos REs in one or multiple DL PRS/UL SRS-Pos resource(s) transmitted at the OFDM symbol m as evaluated in Rel-18 SI [3][6].
Observation 2: NR carrier phase measurement associated with the (sub)carrier frequency  of the subcarrier k in the frequency domain, where  is the absolute carrier frequency of subcarrier index k=0, and the OFDM symbol m in the time-domain, can be obtained from the DL PRS/UL SRS-Pos signal(s) transmitted in multiple DL PRS/UL SRS-Pos resource elements in one or multiple DL PRS/UL SRS-Pos resource(s) transmitted in the OFDM symbol m.
To further improve the carrier phase measurement performance of the DL or UL NR carrier phase at a particular subcarrier frequency  at a particular OFDM symbol m, up to the receiver’s capability and implementation, it may also use DL PRS / UL SRS-Pos transmitted at the multiple OFDM symbols to estimate the carrier phase measurement of a particular OFDM symbol m, as evaluated in Rel-18 SI [3][6].
Observation 3: NR carrier phase measurement associated with the (sub)carrier frequency  of the subcarrier k in the frequency domain, where  is the absolute carrier frequency of subcarrier index k=0, and the OFDM symbol m in the time-domain can be obtained from the DL PRS/UL SRS-Pos signal(s) transmitted in multiple DL PRS/UL SRS-Pos resource elements in one or multiple DL PRS/UL SRS-Pos resource(s) transmitted in multiple OFDM symbols, including OFDM symbol m.
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 measurements definition
In RAN1#111, the following agreement was made for the DL physical layer measurements for NR carrier phase positioning [7].
	Agreement (RAN1#111)
Capture the following TP into TR 38.859 as a conclusion.
Regarding the physical layer measurements for NR carrier phase positioning:
· New measurements are recommended to be introduced for supporting UE-based and UE-assisted NR carrier phase positioning, if NR CPP is introduced. The new measurements include, at least, the following:
· For DL carrier phase positioning, the following candidate measurements are identified (potential down-selection may be considered during normative work).
· the difference between the carrier phase measured from the DL PRS signal(s) of the target TRP and the carrier phase measured from the DL PRS signal(s) of the reference TRP;
· the carrier phase measured from the DL PRS signal(s) of a TRP.
· Note: this proposal does not imply which carrier phase measurements are mapped to which positioning technique



In the above agreement two types of candidate measurements were identified for NR DL carrier phase measurements. In the following we further discuss their definitions. 
Type 1: NR carrier phase measurement (DL ICP/ACP)
For supporting GNSS RTK positioning, carrier phase measurement is defined in 3GPP TS 37.355 [8] and ETSI TS 103 246-1 [9]. For example, in ETSI TS 103 246-1 [9], carrier phase measurement is defined as “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 [6]. 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.” The reason that the carrier phase measurement from the receiver is called as “pseudorange-rate measurement” is similar to the code phase measurement provided by the receiver is called as “pseudorange measurement”. That is, the phase measurements from the receiver are impacted by various errors and thus do not present the exact range between the satellite and receiver. It is also 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.
Similar to the tracking of the satellites in GNSS RTK positioning, an NR UE may first lock and then keep tracking the DL PRS signals, which are transmitted from one or more TRPs, for a period of time for NR CPP. Thus, we should follow a similar approach as GNSS CPP to define NR carrier phase measurements, i.e., the definition of NR carrier phase measurement should cover the case when the UE initially obtains NR carrier phase from the DL PRS signal(s), and the case when the UE is able to provide the NR carrier phase by tracking the DL PRS signal(s). 
For NR DL carrier phase positioning, the definition of NR carrier phase measurement (or should cover both the downlink instantaneous carrier phase (DL ICP) and the downlink accumulated carrier phase (DL ACP) as defined in GNSS carrier phase measurement. 
For NR DL carrier phase positioning, DL ICP is defined as the instantaneous phase, which is related to the wireless channel, from DL (sub)carrier signal from a TRP to a UE at measurement time t.
For NR DL carrier phase positioning, DL ACP is defined as the DL ICP, which is related to the wireless channel, from DL (sub)carrier signal (modulo 1 cycle), plus some arbitrary number of integer cycles, which is accumulated based on the change of the phase cycles once the receiver is tracking the DL PRS signals from a TRP, i.e., DL ICP = DL ACP (modulo 1 cycle).
As an example, Figure 1 illustrates the relation between DL ICP and DL ACP. In Figure 1, 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 symbol, 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 1, it is assumed the UE is able to track the carrier phase after initial lock of carrier signals in OFDM symbols, and then 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 phase measurements may have different integer ambiguities. 
The main benefit of supporting the ACP measurements is that the ACP measurements has 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 1: Relation between DL ICP and DL ACP measurement
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 [8] and ETSI TS 103 246-1 [9] can be considered to be extended to NR carrier phase measurements.
Proposal 1: For NR DL carrier phase positioning, the definition of NR carrier phase measurement should cover both the downlink instantaneous carrier phase (DL ICP) and the downlink accumulated carrier phase (DL ACP) as defined in GNSS carrier phase positioning. 
Proposal 2: For NR DL carrier phase positioning, DL ACP is defined as the DL ICP, which is related to the wireless channel, l from DL (sub)carrier signal (modulo 1 cycle), plus some arbitrary number of integer cycles, which is accumulated based on the change of the phase cycles once the receiver is tracking the DL PRS signals from a TRP, i.e., DL ICP = DL ACP (modulo 1 cycle).
Proposal 3: For NR DL carrier phase measurement (DL ACP/ICP) provided by a UE at measurement time t by measuring the DL PRS signal from a DL PRS RE with the subcarrier index k and the OFDM symbol index m, the (sub)carrier frequency associated with the carrier phase measurement is , where  is the absolute carrier frequency of subcarrier index k=0, and  is the subcarrier spacing, and the measurement time t should be the receiver’s time of the OFDM symbol m.
Type 2: NR carrier phase difference measurement (DL ICPD/ACPD)
Another candidate option agreed in RAN1#111 [7] is reporting the difference between the carrier phase measured from the DL PRS signal(s) of the target TRP and the carrier phase measured from the DL PRS signal(s) of the reference TRP. Clearly, the carrier phase difference for a UE between two different TRPs should only be carried out between the carrier phases tagged with the same carrier frequency and the same OFDM symbols (i.e., the same measurement time). Based on the previous discussion of NR DL carrier phase measurements (DL ICP and ACP), the NR DL carrier phase difference measurements (DL ICPD/ACPD) can be defined in the following proposal.
Proposal 4: For NR DL carrier phase positioning, DL ICP difference (ICPD)/ACP difference (ACPD) can be defined as the difference of the DL ICP/ACP measured by a UE from DL PRS signal(s) of a target TRP, and DL ICP/ACP measured by the UE from DL PRS signal(s) of reference TRP, where the DL ICPs/ACPs should be associated with the same carrier frequency and the same measurement time.
· Note: The definitions of the (sub)carrier frequency and the measurement time for a DL ICP/ACP are given in Proposal 3.
Proposal 5: For NR DL carrier phase positioning, both NR carrier phase measurement (DL ICP/ACP) and NR carrier phase difference measurement (DL ICPD/ACPD) can be supported.
For DL RSTD measurements, the reference point is defined as the antenna connector of the UE for FR1 and UE antenna for FR2 [10]. The defined reference points are normally accessible physically. For carrier phase measurement, however, the reference point should be defined as the antenna phase center instead, since the carrier phase is measured at the antenna phase center. Using the traditional RSTD reference point for DL carrier phase measurements may degrade CPP positioning accuracy. In addition, carrier phase measurements and RSTD measurements may be combined in CPP positioning. Thus, additional parameters need to be introduced to present the relative position between the antenna phase center to the legacy RSTD reference point.
Proposal 6: The reference point of NR DL carrier phase measurement (DL ICP/ACP) and NR DL carrier phase difference measurement (DL ICPD/ACPD) should be the antenna phase center of the UE. Additional parameters need to be introduced to present the relative position between the antenna phase center to the legacy RSTD reference point.
2.1.2 DL carrier phase measurements reporting
As discussed in Section 2.1.1, 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 DL carrier phase positioning, the NR DL carrier phase measurements (DL ICP/ACP) and NR DL carrier phase difference measurement (DL ICPD/ACPD) obtained from multiple OFDM symbols need to be associated with the same configured/selected (sub)carrier frequency (or a number of configured/selected (sub)carrier frequencies in a carrier if DL ICP/ACP/ICPD/ACPD of more than one (sub)carrier frequency is supported within the bandwidth of one carrier). To achieve this, UE also 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 2. How to address this issue will be up to UE’s implementation.


Figure 2: DL PRS Resource pattern for DL positioning

Proposal 7: NR DL carrier phase measurement (DL ACP/ICP) and NR DL carrier phase difference measurement (DL ICPD/ACPD) should be measured and reported to be associated with the same (sub)carrier frequency for different OFDM symbols.
· FFS: How the subcarrier index k and the OFDM symbol index m are determined (e.g., predefined in specification or configured by the LMF), where k is a subcarrier index of an RE,  is the absolute carrier frequency of subcarrier index k=0, and  is the subcarrier spacing.
One DL PRS resource may have multiple OFDM symbols. Then, NR DL carrier phase measurement from different TRPs can be measured and reported per DL PRS OFDM symbol, or per DL PRS resource. Per symbol reporting is beneficial for LMF to carry out double differential operation, allowing easy matching of the measurement times of DL ICPs/ACPs/ICPDs/ACPDs 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 to define clearly the reported measurement times for both target UE and the PRU, e.g., the beginning time or the end time of DL PRS resource. Furthermore, for the effectiveness of the double differential technique, the transmission times of the DL PRS resources from different TRPs should be configured as close as possible.
Proposal 8: NR DL carrier phase measurements (DL ICP/ACP) and NR DL carrier phase difference measurement (DL ICPD/ACPD) can be reported per symbol, or per resource.
As discussed above, a NR DL carrier phase measurement (DL ICP/ACP) or a NR DL carrier phase difference measurement (DL ICPD/ACPD) is meaningful only if its associated (sub)carrier frequencies and measurement time are clearly indicated. For NR DL ICP/ACP/ICPD/ACPD, the (sub)carrier frequencies for index k can be indicated by , where  is the absolute carrier frequency of first subcarrier k=0, and  is the subcarrier spacing. The measurement time should be the receiver’s time of OFDM symbol index m, which should be the same for all DL ACPs/ICPs/ICPDs/ACPDs measured from the PRS signal(s) of the OFDM symbol index m for all TRPs.
Proposal 9: NR DL carrier phase measurement (DL ICP/ACP) and NR DL carrier phase difference measurement (DL ICPD/ACPD) should be reported together with the following information:
· Absolute carrier frequency ;
· Subcarrier index k;
· Measurement time (or timestamp) t;
· RSTD (optional).
Proposal 10: If both DL ICP/ACP and DL ICPD/ACPD are supported by a UE, support LMF to send an indicator to indicate the UE whether to report DL ICP/ACP or DL ICPD/ACPD.
2.2 Carrier Phase Measurements for UL
2.2.1 UL carrier phase measurements definition
In RAN1#111, the following agreement was made for the UL physical layer measurements for NR carrier phase positioning.
	Agreement (RAN1#111)
Capture the following TP into TR 38.859 as a conclusion.
Regarding the physical layer measurements for NR carrier phase positioning:
· New measurements are recommended to be introduced for supporting UE-based and UE-assisted NR carrier phase positioning, if NR CPP is introduced. The new measurements include, at least, the following:
· For UL carrier phase positioning, the carrier phases measured from the UL SRS for positioning purpose is identified as the UL carrier phase measurements.
· Note: this proposal does not imply which carrier phase measurements are mapped to which positioning technique



Following the discussion in section 2.1.1, we propose the following definition of NR UL carrier phase measurements:
Proposal 11: For NR UL carrier phase positioning, the definition of NR carrier phase measurement should cover both the uplink instantaneous carrier phase (UL ICP) and the uplink accumulated carrier phase (UL ACP) as defined in GNSS carrier phase measurement.
Proposal 12: For NR UL carrier phase positioning, UL ACP is defined as the UL ICP, which is related to the wireless channel, from UL (sub)carrier signal (modulo 1 cycle), plus some arbitrary number of integer cycles, which is accumulated based on the change of the phase cycles once the receiver is tracking the UL SRS-Pos signals from a UE, i.e., UL ICP = UL ACP (modulo 1 cycle).
Proposal 13: For NR UL carrier phase measurement (UL ACP/ICP) provided by a TRP by measuring the UL SRS-Pos signal from a UL SRS-Pos RE with the subcarrier index k and the OFDM symbol index m, the (sub)carrier frequency associated with the carrier phase measurement is the , where  is the absolute carrier frequency of subcarrier index k=0, and  is the subcarrier spacing. The measurement time t should be the receiver’s time of the OFDM symbol m.
For UL-RTOA measurements, the reception point is defined as the Rx antenna connector, the center location of the radiating region of Rx antenna, or the transceiver array boundary connector of gNB. For UL-carrier phase measurement, however, the reference point should be defined as the antenna phase center instead, since the carrier phase is measured at the antenna phase center. Using the traditional Reception Point for UL carrier phase measurements may result in large positioning errors. In addition, for UL carrier phase positioning, carrier phase measurements and UL-RTOA measurements may need to be combined. Thus, additional parameters may need to be introduced to present the relative position between the antenna phase center to the traditional gNB Reception Point for RTOA.
Proposal 14: The reference point of NR UL carrier phase measurement (UL ICP/ACP) should be the RX antenna phase center of the gNB. Additional parameters need to be introduced to present the relative position between the antenna phase center to the legacy RTOA reference point. 
2.2.2 UL carrier phase measurements reporting
For NR UL carrier phase positioning, it is required that the NR UL carrier phase measurements (UL ICP/ACP) obtained from multiple OFDM symbols need to be associated with the same configured/selected (sub)carrier frequency (or a few configured/selected sub) carrier frequencies in a carrier if UL ICP/ACP of more than one (sub)carrier frequency is supported within the bandwidth of one carrier. To achieve this, the key issue is to address properly the issue that UL SRS-Pos signals in different OFDM symbols are not transmitted at the same (sub)carrier frequencies due to the stagger pattern for UL SRS-Pos resource as shown in Figure 3. How to address this issue will be up to UE’s implementation.


Figure 3: Resource pattern for UL positioning

Proposal 15: NR UL carrier phase measurement (UL ACP/ICP) should be measured and reported to be associated with the same (sub)carrier frequency for different OFDM symbols.
· FFS: How the subcarrier index k and the OFDM symbol index m are determined (e.g., predefined in specification or configured by the LMF), where k is a subcarrier index of an RE,  is the absolute carrier frequency of subcarrier index k=0, and  is the subcarrier spacing.
Similar to the DL, in order to implement the matching of measurements between different TRPs or UE, NR UL carrier phase measurements can be reported with a time stamp at the granularity of an OFDM symbol or a UL SRS-Pos resource.
Proposal 16: NR UL carrier phase measurements (UL ICP/ACP) can be reported per symbol, or per resource. 
As discussed above, an NR UL carrier phase measurement (UL ICP/ACP) is meaningful only if its associated (sub)carrier frequencies and measurement time are clearly indicated. For NR UL ICP/ACP, the (sub)carrier frequencies for index k can be indicated by  Where , is absolute carrier frequency of first subcarrier k=0, and  is the subcarrier spacing. The measurement time should be the receiver’s time of OFDM symbol m, which should be the same for all UL ACP/ICPs measured from the SRS-Pos signal(s) of the OFDM symbol index m for UE.
Proposal 17: NR UL carrier phase measurement (UL ICP/ACP) should be reported together with the following information:
· Absolute carrier frequency ;
· Subcarrier index k ;
· Measurement time (or timestamp) t;
· RTOA (optional).
Proposal 18: Support LMF to request a gNB to report NR UL ICP or ACP.
3 Conclusions
In this contribution, we discuss physical layer measurements to support NR DL and UL carrier phase positioning, and give the following observations and proposals.
Observation 1: NR carrier phase measurement can be obtained from the DL PRS / UL SRS-Pos signal(s) transmitted in a DL PRS/UL SRS-Pos RE (k, m), where k is the subcarrier index, and m is the OFDM symbol index. The NR carrier phase measurement from RE (k, m) is associated with the (sub)carrier frequency  of the subcarrier in the frequency domain, where  is the absolute carrier frequency of subcarrier index k=0, and the OFDM symbol m in the time-domain.
Observation 2: NR carrier phase measurement associated with the (sub)carrier frequency  of the subcarrier k in the frequency domain, where  is the absolute carrier frequency of subcarrier index k=0, and the OFDM symbol m in the time-domain, can be obtained from the DL PRS/UL SRS-Pos signal(s) transmitted in multiple DL PRS/UL SRS-Pos resource elements in one or multiple DL PRS/UL SRS-Pos resource(s) transmitted in the OFDM symbol m.
Observation 3: NR carrier phase measurement associated with the (sub)carrier frequency  of the subcarrier k in the frequency domain, where  is the absolute carrier frequency of subcarrier index k=0, and the OFDM symbol m in the time-domain can be obtained from the DL PRS/UL SRS-Pos signal(s) transmitted in multiple DL PRS/UL SRS-Pos resource elements in one or multiple DL PRS/UL SRS-Pos resource(s) transmitted in multiple OFDM symbols, including OFDM symbol m.
Proposal 1: For NR DL carrier phase positioning, the definition of NR carrier phase measurement should cover both the downlink instantaneous carrier phase (DL ICP) and the downlink accumulated carrier phase (DL ACP) as defined in GNSS carrier phase positioning. 
Proposal 2: For NR DL carrier phase positioning, DL ACP is defined as the DL ICP, which is related to the wireless channel, l from DL (sub)carrier signal (modulo 1 cycle), plus some arbitrary number of integer cycles, which is accumulated based on the change of the phase cycles once the receiver is tracking the DL PRS signals from a TRP, i.e., DL ICP = DL ACP (modulo 1 cycle).
Proposal 3: For NR DL carrier phase measurement (DL ACP/ICP) provided by a UE at measurement time t by measuring the DL PRS signal from a DL PRS RE with the subcarrier index k and the OFDM symbol index m, the (sub)carrier frequency associated with the carrier phase measurement is , where  is the absolute carrier frequency of subcarrier index k=0, and  is the subcarrier spacing, and the measurement time t should be the receiver’s time of the OFDM symbol m.
Proposal 4: For NR DL carrier phase positioning, DL ICP difference (ICPD)/ACP difference (ACPD) can be defined as the difference of the DL ICP/ACP measured by a UE from DL PRS signal(s) of a target TRP, and DL ICP/ACP measured by the UE from DL PRS signal(s) of reference TRP, where the DL ICPs/ACPs should be associated with the same carrier frequency and the same measurement time.
· Note: The definitions of the (sub)carrier frequency and the measurement time for a DL ICP/ACP are given in Proposal 3.
Proposal 5: For NR DL carrier phase positioning, both NR carrier phase measurement (DL ICP/ACP) and NR carrier phase difference measurement (DL ICPD/ACPD) can be supported.
Proposal 6: The reference point of NR DL carrier phase measurement (DL ICP/ACP) and NR DL carrier phase difference measurement (DL ICPD/ACPD) should be the antenna phase center of the UE. Additional parameters need to be introduced to present the relative position between the antenna phase center to the legacy RSTD reference point.
Proposal 7: NR DL carrier phase measurement (DL ACP/ICP) and NR DL carrier phase difference measurement (DL ICPD/ACPD) should be measured and reported to be associated with the same (sub)carrier frequency for different OFDM symbols.
· FFS: How the subcarrier index k and the OFDM symbol index m are determined (e.g., predefined in specification or configured by the LMF), where k is a subcarrier index of an RE,  is the absolute carrier frequency of subcarrier index k=0, and  is the subcarrier spacing.
Proposal 8: NR DL carrier phase measurements (DL ICP/ACP) and NR DL carrier phase difference measurement (DL ICPD/ACPD) can be reported per symbol, or per resource.
Proposal 9: NR DL carrier phase measurement (DL ICP/ACP) and NR DL carrier phase difference measurement (DL ICPD/ACPD) should be reported together with the following information:
· Absolute carrier frequency ;
· Subcarrier index k;
· Measurement time (or timestamp) t;
· [bookmark: _GoBack]RSTD (optional).
Proposal 10: If both DL ICP/ACP and DL ICPD/ACPD are supported by a UE, support LMF to send an indicator to indicate the UE whether to report DL ICP/ACP or DL ICPD/ACPD.
Proposal 11: For NR UL carrier phase positioning, the definition of NR carrier phase measurement should cover both the uplink instantaneous carrier phase (UL ICP) and the uplink accumulated carrier phase (UL ACP) as defined in GNSS carrier phase measurement. 
Proposal 12: For NR UL carrier phase positioning, UL ACP is defined as the UL ICP, which is related to the wireless channel,  from UL (sub)carrier signal (modulo 1 cycle), plus some arbitrary number of integer cycles, which is accumulated based on the change of the phase cycles once the receiver is tracking the UL SRS-Pos signals from a UE, i.e., UL ICP = UL ACP (modulo 1 cycle).
Proposal 13: For NR UL carrier phase measurement (UL ACP/ICP) provided by a TRP by measuring the UL SRS-Pos signal from a UL SRS-Pos RE with the subcarrier index k and the OFDM symbol index m, the (sub)carrier frequency associated with the carrier phase measurement is the , where  is the absolute carrier frequency of subcarrier index k=0, and  is the subcarrier spacing. The measurement time t should be the receiver’s time of the OFDM symbol m.
Proposal 14: The reference point of NR UL carrier phase measurement (UL ICP/ACP) should be the RX antenna phase center of the gNB. Additional parameters need to be introduced to present the relative position between the antenna phase center to the legacy RTOA reference point. 
Proposal 15: NR UL carrier phase measurement (UL ACP/ICP) should be measured and reported to be associated with the same (sub)carrier frequency for different OFDM symbols.
· FFS: How the subcarrier index k and the OFDM symbol index m are determined (e.g., predefined in specification or configured by the LMF), where k is a subcarrier index of an RE,  is the absolute carrier frequency of subcarrier index k=0, and  is the subcarrier spacing.
Proposal 16: NR UL carrier phase measurements (UL ICP/ACP) can be reported per symbol, or per resource. 
Proposal 17: NR UL carrier phase measurement (UL ICP/ACP) should be reported together with the following information:
· Absolute carrier frequency ;
· Subcarrier index k ;
· Measurement time (or timestamp) t;
· RTOA (optional).
Proposal 18: Support LMF to request a gNB to report NR UL ICP or ACP.
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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 [3, 4, 5]:
	
	
	(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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