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Introduction
[bookmark: _Hlk525462591]In Rel-16 native NR positioning support was standardized and in Rel-17 enhancements were made. At RAN#98, a new work item “Expanded and improved NR positioning” was approved and was updated at RAN#99 [1]. This contribution discussed our views related to NR Carrier phase positioning. Our companion contributions discuss our other views [3-8]. The objective in the WID is:
· Specify physical layer measurements and signalling to support NR DL and UL carrier phase positioning for UE-based, UE-assisted, and NG-RAN node assisted positioning [RAN1, RAN2, RAN3, RAN4].
· Existing DL PRS and UL SRS for positioning are used for NR carrier phase measurements.
· Specify measurements that are limited to a single carrier/PFL. 
· Specify corresponding new core requirements, as well as identifying and specifying the impact on the existing RAN4 specification, including RRM measurements with measurement gaps in connected and inactive mode (including PRS measurement period/reporting) and procedures [RAN4].
[bookmark: _Hlk4137067][bookmark: _Hlk520894743][bookmark: _Hlk7596973][bookmark: _Hlk525462634][bookmark: Proposal98262][bookmark: Proposal38119]Discussion
Overview of NR Carrier phase positioning method
Fundamentally, carrier phase positioning technique utilizes phase measurements for multiple TRPs to estimate location of target UEs. The general concept of the carrier phase positioning is shown in Figure 1, where a target UE and a reference device measures carrier phase measurement for PRS resources transmitted from multiple gNBs/TRPs. In this section, we describe the key principle of CP positioning in more detail.
[image: ]
[bookmark: _Ref101786075]Figure 1. An illustrative example of overall concept of carrier phase positioning
For mathematical notation, we denote the target UE by the k-th UE. Omitting noise, and assuming ideal propagation LoS, the estimated phase measurement from this k-th UE for a PRS resource transmitted from the i-th TRP is denoted by
											(1)
Where  to denote the phase measurement in distance/cycles and to leave out repeated use of , and , , , and  represent respectively actual geographical distance between the k-th UE and the i-th TRP, internal phase reference bias at the k-th UE in radians, internal phase reference bias at the i-th TRP in radians, and integer ambiguity of the propagated wavelength. Similar to (1), the similar equation is derived for the different PRS transmitted from the j-th TRP such that .
After the UE measures phase measurement for PRS resources transmitted from both TRPs, the UE calculates the phase difference measurement for two different phase measurements and gets the following phase difference measurement.
												(2)
Where , . From single difference operation, the phase bias from UE side was cancelled out similar to the RSTD measurement of DL-TDOA. The k-th UE needs to report this measurement to the LMF.
After single difference operation, the phase error between two TRPs are remaining in the phase difference measurement, and it needs to be compensated for. We propose using a reference UE to remove this error. The phase error between TRPs is remaining but it is cancelled by double differential operation using phase difference measurements of reference device such as reference UE. The location of the reference UE should be already known to the LMF accurately.
Let us assume that the K-th UE is a reference device. For the transmitted PRS from the i-th and j-th TRP, the phase difference measurement at the reference UE is denoted by . The reference UE also reports the phase difference measurement to the LMF, and then it calculates double difference measurement as follows:
											(3)
Where , , and . In the end, the phase error between TRPs is cancelled out. The only remaining ambiguity is the integer numbers and location of the target UE and the entity calculating the location (i.e., LMF in UE-assisted or UE in UE-based) should resolve it. We discuss how to resolve the integer ambiguity in more detail in the next section. UL carrier phase was agreed to be included as part of the study item. An overview of UL CP is shown Figure 2. Our understanding of UL CP is that both the target UE and a PRU need to transmit SRS for positioning. The TRPs then measure the carrier phase of both the target UE and the PRU, report the measurements to the LMF, which then creates double differential measurements at the LMF (or at UE in UE-based).
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[bookmark: _Ref111189401]Figure 2. Overview of UL Carrier Phase
Necessary Enhancements
In this section, we discuss the necessary enhancement to introduce CP positioning on top of the currently supported positioning techniques. As a high level principle our view is that NR carrier phase is feasible in the most scenarios when using double differential techniques and that this should be the main focus of the work for the WI to enable this operation. 
Observation 1: Double differential NR CPP is the only carrier phase technique that is widely applicable. 
Additional measurement: 
The first enhancement we discuss is the need for the UE to support phase measurement from a TRP or phase difference measurement for two different TRPs. Considering the phase bias between the UE and the TRP, the phase difference might be considered for measurement reporting, which is similar to DL-TDOA, but the phase measurement (without difference) is also useful for integer ambiguity resolution. To estimate timing measurement or RSRPP measurement for the first path, the UE already measures the first arrival path of wireless channel and hence, as a way of measuring the phase measurement, the UE can additionally extract phase value of the first path in addition to timing measurement. The CP positioning might be also effective for UL-based positioning. In addition to the DL measurement, this AI should include UL CP measurement based on for SRS for positioning.
At RAN1#112 the following agreements were reached: 
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
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


The definition of the DL RSCP, DL RSCPD, and UL RSCP was good progress at the last meeting. However, of these three measurements we have only agreed to introduce UL RSCP into specification. In our understanding the DL RSCP measurement can be useful for RTT type carrier phase and can also be helpful if tied to UE Rx-Tx time difference reporting. The DL RSCPD is also useful for double differential based carrier phase positioning and can be easily reported along with RSTD measurements. For those reasons we see benefits to both types of DL measurements.  
Proposal 1: RAN1 should introduce both DL RSCP and DL RSCPD to specification. 
At RAN1#111 the following agreement about multi-path was also reached: 
Agreement
Capture the following TP into TR 38.859 as a conclusion:
 
· Multipath mitigation methods for the carrier phase positioning are recommended to be introduced during normative work, if NR CPP is introduced. The candidate solutions may include, but are not limited to, the following:
· Reporting of the carrier phase of the first path
· At least reporting of the carrier phase of the first path, and optionally, the additional paths.
· The use of LOS/NLOS indication for the carrier phase measurements.
· Note: Rel-17 LOS/NLOS indicator can be considered as a starting point.
· Reporting of other channel information together with carrier phase measurements, such as existing RSRP/RSRPP.

In our view it is essential to add additional path reporting to NR carrier phase positioning support. If the UE/TRP measuring the carrier phase identifies the wrong first path it is helpful to report additional paths similar to DL-TDOA/UL-TDOA in Rel-16/17. In our view if the carrier phase is reported along with timing measurements, then the specification work to include additional path reporting and LoS/NLoS indicators for CP is very minimal. Otherwise, if additional timing paths only are reported and the LMF determines that the first path reported by the UE is not the true first path then it will not be able to use carrier phase techniques with this knowledge. 
Proposal 2: NR CPP should optionally support reporting the carrier phase of additional paths.
Reference device (PRU) and Simultaneous Measurements:
The double difference operation is essential to support cm-level positioning by avoiding the initial phase bias between multiple TRPs. The reference UE (PRU, Positioning Reference Unit) has been discussed in Rel-17 to improve the accuracy performance of timing measurement-based techniques, and it was discussed in the previous meeting in this AI. In our understanding SA2 is already working to specify the PRU for Rel-18 (e.g., [2]) which was one of the reasons it was put on hold in Rel-17. 
For further accuracy performance improvement, the reference UE is essential, and RAN1 made the following agreement to explicitly include PRU for the study on the carrier phase positioning technique.
Agreement
The use of PRUs to facilitate NR carrier phase positioning can be evaluated in the SI by RAN1.
In Rel-17, RAN1 has not identified RAN1 impact related to reference UE, but this decision was made in the early stage of Rel-17 WI. Now we need to reconsider it. From our perspective, the reference UE may not be able to have unlimited processing capability. If the reference UE is requested to measure/report many measurements in time-domain (e.g., every slot), frequency-domain (e.g., multiple frequency layers) and/or too much measurements from many TRPs, the reference UE might not be able to follow all the requests from network. 
For double differential operation, the LMF would subtract the phase difference measurements between the target UE and the reference UE, i.e., . The two phase difference measurements should be measured with respect to the same two TRPs. The TRP phase bias might not be highly fluctuated but it might not be a constant value in time-domain, which should be considered. Furthermore, RAN1 needs to consider the impact of TRP Tx timing error group introduced in Rel-17. In our initial understanding, the target UE and reference UE may need to measure the phase difference measurements for the same TRP Tx TEGs.
For UE-based CP positioning, the target UE also perform double differential operation, so the measurements from reference UE are also useful for target UE. For the accuracy enhancement of the UE-based CP positioning, we may need to study whether and how the target UE can request CP measurements of the PRU at the same time that it will measure the carrier phase.
At RAN1#112 there was extensive discussion on the PRU and a reply LS was sent to SA2 in R1-2302146. As part of that discussion the following agreement was reached: 
Agreement
RAN1 will continue discussions on 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; and to support simultaneous transmission of SRS for multiple UEs, including a target UE and a PRU. 
RAN1 will include the outcome in an LS to SA2 and RAN2, and cc RAN3.
Note: Enhancements might or might not have RAN1 specification impact.

Therefore, RAN1 should continue discussion on simultaneous measurements. In Rel-17 the scheduled location time feature was specified which allows the LMF to request a location measurement at a specific time. This can be useful for simultaneous measurement, but the UE is not mandated to follow this request. In addition, this feature seems to be missing from NRPPa specifications. Meaning that the TRP can’t be instructed or requested to measure the SRS from the target UE and PRU at the same time. We have identified the following specification impact: 
1. UE mandate to measure at scheduled location time or send error message 
2. Add scheduled location time feature to NRPPa 
3. TRP mandate to measure at schedule location time or send error message 
For point 1 we think that RAN1 can agree that for CPP when the UE is requested to measure at a Scheduled Location time that the UE shall do so or send an error message. RAN2 can then implement the necessary LPP signaling. 
Proposal 3: For CPP when the UE is requested to measure at a Scheduled Location time that the UE shall do so or send an error message to the LMF indicating it can’t do so (e.g., due to conflict). Send an LS to RAN2. 
For point 2 we think that this is up to RAN3 but in our understanding should be enabled. 
Proposal 4: Ask RAN3 if NRPPa can support Scheduled location time in Rel-18 as part of the CPP work. 
For point 3 we think that there is no RAN1 specification impact and would be up to RAN3 if it is agreed to add Scheduled Location time to NRPPa. 
Proposal 5: Send an LS to RAN3 stating that RAN1 finds it necessary for NR CPP that the TRP shall measure at a Scheduled Location time or send an error message to the LMF indicating it can’t do so (e.g., due to conflict).  
The target UE should also be able to request the PRU measurement at a specific time so that it can perform UE-based double differential CPP. 
Proposal 6: Support a target UE requesting that a PRU (via LMF) performs a DL carrier phase measurement at a specific time. 
In addition to the above RAN1 should consider that for UE-based and UE-assisted NR CPP that the PRU may need to send an LPP message every time the target UE is also measuring the carrier phase in order to perform double differential calculations. However, if the oscillator drift of the TRPs is low enough for a certain time window the LMF (or target UE in UE-based) may be able to reuse a previous PRU measurement without a problem. This could be considered something like a validity time of the PRU carrier phase measurement. 
Proposal 7: RAN1 should consider introducing a PRU measurement validity in order to limit the signaling overhead of NR CPP. 
Integer ambiguity resolution:
RAN1 agreed to study the impact of integer ambiguity on CP positioning from the following agreement at RAN1 #109e meeting.

Agreement
The impact of integer ambiguity on NR carrier phase positioning and potential solutions to resolve the integer ambiguity will be studied in the SI.
There are a couple of methods for the integer ambiguity resolution such as mixed integer least square method and virtual wavelength method. We focus on the virtual wavelength method as it is effective and could be supported without much specification work.
Carrier phase measurement error is within one wavelength and hence the maximum error is within one wavelength and approximately 8.6 cm for 3.5 GHz carrier frequency. As shown in the above, the phase error is very small, but the key factor affecting the performance error might be unknown integer numbers of the wavelength (i.e., ). Thankfully, this problem has been studied and there are couple of well-known solutions for GNSS system [11][12]. In this contribution, we briefly discuss virtual wavelength method [13], which is also known as wide-lane method. By this method, the integer ambiguity could be effectively found. This method uses two different carrier frequency measurements and ToA measurements together. 
Fundamentally, as we mentioned above, the wavelength is quite small value such as 8.6 cm for 3.5 GHz carrier frequency, so search space for integer ambiguity is too large and it may lead to inaccurate integer ambiguity fixing. The concept of virtual wavelength method provides reduced search space to find the integer ambiguity. More specifically, let us assume two PRS resources are transmitted with different carrier frequency such as  and . Wavelength for each  and  are represented by  and . Then the carrier phase measurements can be denoted by as follows


Where and  mean the carrier phase measurement for carrier frequency  and , respectively.  and  respectively represent the integer ambiguity of the carrier phase measurement from carrier  and . Simply, multiply and  to the first and the second carrier phase measurement, and then we can attain the following equation by subtract the second from the first one.

Where , and the distance and phase bias term are not affected by this. The bottom line is that network can make  is much greater than both  and . From the previous section, we are assuming 3.5 GHz carrier frequency. If  and ,  cm and 6 cm, but  m. Thus, the search space is highly reduced. If the UE location estimation from timing based techniques alone (e.g., DL-TDOA) is smaller than  then the integer ambiguity can be resolved. This can be done by using the UE position estimate from timing measurements first to then know the integer ambiguity then use the carrier phase estimation procedure to find the UE location with even higher accuracy.
Observation 2: The virtual wavelength method may provide a reduced search space of integer ambiguity variables.
Given that Rel-17 positioning supports accuracy level less than 30 cm, we may be able to expect that the integer ambiguity fixing could be addressed by introducing the virtual wavelength technique. In addition, it is beneficial if the target UE has some local estimate of the integer ambiguity that it reports this information to the location server. 
At RAN1#112 the following agreement was reached: 
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.

Option 1 above is useful to create virtual wavelengths in our understanding. Option 3 allows the UE/TRP to assist the LMF with the calculation of integer range and can reduce LMF complexity/improve performance of integer ambiguity resolution. For option 3 the target UE and/or measuring TRP should support reporting an estimate of the integer ambiguity to the LMF (e.g., as part of the phase measurement report). Option 4 similarly can help to limit the UE search range for IAR. 
Proposal 8: Support 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 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.

Round Trip Time Carrier Phase
During the SI the following agreement was reached about RTT-type carrier phase: 
Agreement
Adopt the following TP for TR 38.859 (Section 6.3.2):
The effectiveness of using round-trip carrier phase technique to mitigate the impact of the initial phases of the transmitter and the receiver on NR carrier phase positioning is evaluated by source [Samsung/R1-2212859] for InF-SH, which shows the horizontal positioning accuracy of:
· 0.5cm @80% with continuous sub-carrier allocation in 10 MHz BW (i.e. with enhanced PRS),
· 1cm @80% with Comb-4 sub-carrier allocation in 10 MHz BW and no sub-carrier offset change between symbols (i.e. with enhanced PRS), and
· 1.5cm @80% with Comb-4 sub-carrier allocation in 10 MHz BW and with sub-carrier offset change between symbols (i.e. with existing PRS).
· Note: The evaluation results assumed phase coherency between the transmit path and the receive path of each device
In our view round trip time carrier phase can be useful in some scenarios such as when there is a single RF chain for both UL and DL in devices. It has the benefit of not needing double differential techniques and lower bandwidth. With that said we feel it is lower priority to work on this topic than it is to enable double differential techniques. However, if there is time and the specification work is not too large then we are open to as working on round trip time carrier phase. 
If round trip time carrier phase (RTT-CP) is introduced, then it will be necessary to confirm that the assumption of phase coherency between the transmit path and the receive path is achieved. In our understanding there are at least two potential conditions which need to be met for this phase coherence to be achieved: 
· Same local oscillator is used for DL and UL at both the UE and TRP (e.g., report if same LO used)
· Time between DL and UL is small enough that the oscillator does not drift (i.e., some coherence time is met) 
In our understanding if DL RSCP is supported then RTT-CP is possible by implementation by combining the DL RSCP measurements with UL RSCP measurements. 
Proposal 9: RAN1 should support solutions to ensure the same local oscillator is used between DL and UL (at UE/TRP) and that the coherence time of the oscillator drift is met. 
DC Subcarrier Impact on Carrier Phase
In LTE system, the direct current (DC) subcarrier is not used as it may result in some interference issues due to local oscillator leakage, but the NR system does not prohibit using the DC subcarrier. It is left up to the implementation based on an assumption such that the impact of local oscillator leakage is handled by implementation. However, the use of DC subcarrier could saturate the gNB and/or UE baseband circuits and also distorts the transmitted and/or received signal constellation. This may effect accuracy of carrier phase estimation (for example in the correlation based methods, the received signal is correlated with the locally generated transmitted reference signal/constellation; but due to LO-leakage, signal/constellation applied to the channel is distorted); and hence, the carrier phase measurement may be sensitive to the LO leakage impact. 
Proposal 10: RAN1 should further investigate the carrier phase measurement impairment in the case that the configured PRS resources includes the DC subcarriers.   
Conclusions
In this paper we make the following observations and proposals: 
Observation 1: Double differential NR CPP is the only carrier phase technique that is widely applicable. 
Proposal 1: RAN1 should introduce both DL RSCP and DL RSCPD to specification. 
Proposal 2: NR CPP should optionally support reporting the carrier phase of additional paths.
Proposal 3: For CPP when the UE is requested to measure at a Scheduled Location time that the UE shall do so or send an error message to the LMF indicating it can’t do so (e.g., due to conflict). Send an LS to RAN2.
Proposal 4: Ask RAN3 if NRPPa can support Scheduled location time in Rel-18 as part of the CPP work. 
Proposal 5: Send an LS to RAN3 stating that RAN1 finds it necessary for NR CPP that the TRP shall measure at a Scheduled Location time or send an error message to the LMF indicating it can’t do so (e.g., due to conflict).  
Proposal 6: Support a target UE requesting that a PRU (via LMF) performs a DL carrier phase measurement at a specific time. 
Proposal 7: RAN1 should consider introducing a PRU measurement validity in order to limit the signaling overhead of NR CPP. 
Observation 2: The virtual wavelength method may provide a reduced search space of integer ambiguity variables.
Proposal 8: Support 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 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.

Proposal 9: RAN1 should support solutions to ensure the same local oscillator is used between DL and UL (at UE/TRP) and that the coherence time of the oscillator drift is met. 
Proposal 10: RAN1 should further investigate the carrier phase measurement impairment in the case that the configured PRS resources includes the DC subcarriers.   
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