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Introduction
The Rel-18 NR expanded and improved positioning WID was agreed upon during the RAN#98-e [1] meeting, where one of the objectives included the support UL and DL Carrier phase positioning as highlighted below:
	The specific objectives of this work item are:
1. 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].



During the RAN1#112 [2] meeting, the following agreements were reached to support UL/DL Carrier Phase measurements:

	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.



This contribution provides a discussion into the various aspects needed to support DL/UL carrier phase measurements’ including RS and measurement configuration and reporting.
Introduction
Carrier phase (CP) positioning appears as a promising candidate for 5G NR positioning achieving cm-level accuracy. However, to achieve such centimetre-level accuracies, several impairments and error sources should be further studied and mitigated. One of the main challenges in positioning with carrier phase measurements is the unknown number of integer cycles between the transmitter and the receiver, known as integer ambiguity (as illustrated in Figure 1), when estimating the overall carrier phase of a transmitted PRS/SRS.

  
[bookmark: _Ref102149643]  Figure 1: Carrier phase-based positioning in NR
Multipath, NLOS and error sources (such as antenna reference point (ARP) errors, transmitter/receiver initial phase error, oscillator drifts, etc) may cause additional inaccuracies of the carrier phase measurements, which also need to be especially mitigated in the context of the NR positioning framework.
Discussion
Carrier Phase Measurements
The following carrier phase measurement aspects were discussed and concluded in TR 38.859 during the study phase [3]: 
	TR 38.859 Carrier Phase Measurements
The study of the accuracy improvement based on NR carrier phase measurements includes:
-	UE-based and UE-assisted carrier phase positioning
-	UL carrier phase positioning and DL carrier phase positioning
-	NR carrier phase positioning with the carrier phase measurements of one carrier frequency or multiple frequencies
-	Combination of NR carrier phase positioning with another standardized Rel. 17 positioning method, e.g., DL-TDOA, UL-TDOA, Multi-RTT, etc.
For DL UE-assisted NR carrier phase positioning, at least the following options are considered:
-	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.
For UL UE-assisted NR carrier phase positioning, at least the carrier phase measured from the UL SRS for positioning purpose is considered


UE-based and UE-assisted Carrier Phase Measurement
In order to attain high accuracy positioning, CP measurements should be performed over the received and transmitted DL PRS or UL SRS, with a high certainty on the integer number of cycles. These measurements could be used to estimate the carrier phase of the received signal, determine the integer ambiguity value and eventually mitigate the multiple phase errors. These measurements could also be performed along with measurements related to other positioning techniques, e.g. timing-based and angle-based Rel.17 positioning techniques.
The RF OFDM carrier received signal in a multipath environment could be expressed as follows:
     (1)
Where  is the complex amplitude,  is the carrier phase of the received signal,  is the carrier frequency,  is the propagation delay and  is the total number of paths.
After down conversion, the carrier frequency phase of the received baseband signal associated with the first path, assumed to be the LOS could be expressed as follows:
   (2)
Where  is carrier frequency,  is speed of light,  are different phase errors and  is the number of unknown integer cycles known as integer ambiguity.
For simplicity of illustration, the phase errors  may include random initial phase offsets at transmitter and receiver, antenna reference point ARP errors, frequency/time synchronization errors, oscillator drifts, residual carrier frequency offset (CFO), phase noise (FR2) and phase carrier offset (PCO). The impact of each of these phase errors was evaluated during the study item and it was concluded that centimeter-level accuracies could only be achieved if these errors are correctly mitigated. To this end, several methods have been proposed by many companies during the study item phase, including double differential techniques which have been widely employed in GNSS. These techniques require the deployment and use of PRUs with perfectly known location coordinates. Furthermore, integer ambiguity should be accurately resolved to attain high positioning accuracies. 
During the RAN1#112 meeting [2], carrier phase measurements for UE-based, UE-assisted, and NG-RAN assisted positioning were discussed. New measurements are recommended for supporting UE-based and UE-assisted NR carrier phase positioning:
· For DL carrier phase positioning, two options have been identified and are supported by different companies. 
· Option 1 involves measuring the difference between the carrier phases of the DL PRS signals from the target TRP and the reference TRP, while 
· Option 2 involves measuring the carrier phase from the DL PRS signal(s) of a TRP. 
· In the case of NG-RAN node-assisted (UL) carrier phase positioning, it has been agreed upon that the carrier phases measured from the UL SRS will be reported. 
Other issues associated with carrier phase measurement and reporting were also discussed include RF frequency information, timestamp, indication of instant/accumulated carrier phase measurement, carrier phase measurement quality, determination of the reference TRP, DL PRS/UL SRS Reference signal ID, and granularity and value range of the phase measurement reporting.
Performing a carrier phase difference between two TRPs carrying DL PRS, may introduce additional impairments such as additional synchronization errors, which may further degrade the overall positioning accuracy. In addition it was also agreed to enable CP measurements along with legacy measurements such as RSTD, UE Rx-Tx time difference measurements. If Carrier phase difference (CPD) is indeed considered it should be reported along with the RSTD as opposed to a separate measurement.
Therefore, an easier starting point would be to support procedures and corresponding signalling to enable instantaneous CP measurements from a single TRP only.
Proposal 1: RAN1 to prioritize DL CP measurements based on DL PRS transmitted from a single TRP.
Proposal 2: If carrier phase difference measurements are supported, consider configuration and reporting along with legacy RSTD measurements.
There are generally, two options to consider specification of CP measurements. One option includes the specification of carrier phase measurements as a standalone method or as part hybrid measurements along with legacy positioning measurements.  A remaining issue to identify the need to support standalone measurement and configuration of CP measurements. 
Proposal 3: RAN1 to further discuss the specification of CP measurements in terms of a standalone method for DL and UL CP measurements.

Use of Subcarrier phase measurements 
During RAN1#112 meeting [2], 4 options were discussed as part of the agreements to support NR carrier phase measurements:
· Option 1 suggests supporting UE/TRP to report carrier phase measurements of multiple frequencies within a PFL/carrier to LMF.
· Option 2 suggests introducing a new type of UE/TRP measurement based on carrier phase differentials across multiple subcarriers within a PFL/carrier.
· Option 3 suggests supporting UE/TRP to optionally report an estimated integer ambiguity and/or search range of the integer ambiguity to LMF.
· Option 4 suggests supporting LMF to provide the expected integer ambiguity range at least for UE-based NR CPP in the positioning assistance data.

The above options are not mutually exclusive and therefore one or more options may be supported. Options 2-4 may be considered feasible, where Options 3 and 4 relate to reporting configuration and assistance information, respectively.
Subcarrier phase difference measurements may also be exploited in addition to the overall carrier phase in order to estimate the delay and thus the distance between the gNB and UE. This can be considered beneficial for both DL and UL based CP measurements, since the subcarrier order of wavelength may be more robust to the effects of integer ambiguity, when compared to the overall carrier wavelength.
In addition, this can also be considered beneficial for the limited single carrier/PFL case as specified in the WID [1], where a UE/gNB could be configured by LMF to perform phase measurements over different subcarriers over the same DL PRS bandwidth. 
The received OFDM signal on the  subcarrier for the LOS path could be expressed as follows:
   (3)
Where is the complex amplitude,  is the phase of the received signal,  is the carrier frequency,  is the subcarrier spacing and  is the propagation delay. This can be applicable to both DL/UL CP measurements. The subcarrier phase may be applied to estimate the propagation delay in the following ways: 
· Averaging subcarriers over the whole configured BW, in order to averaging out the noise but the initial phase errors still remain.
· Performing subcarrier phase differentials among multiple sets of averaged subcarriers. This depends on the frequency spacing between the sets of subcarriers which are differenced.
Proposal 4: Support the measurement of subcarrier phase measurements at UE/gNB. FFS the details of exploiting the subcarrier phases, e.g., use of subcarrier phase differentials, number of considered subcarriers, etc.
Given that the carrier phase measurements are performed without measurement gaps, consideration should be given to the PRB allocation between data (other signals/channels) and PRS. In addition, it should be further studied whether all PRS PRBs are required to perform the subcarrier phase difference measurements or only a subset of PRS PRB pairs are required. In the case that only a subset of PRS PRB pairs are considered, further consideration is needed for understanding the optimal frequency spacing between the subset of PRS PRB pairs 
Proposal 5: RAN1 to further discuss which of the PRS PRBs should be used for performing subcarrier/carrier phase measurements in relation to other signals/channels.
Carrier Phase Reporting
In a UE-assisted/LMF-based scenario, a target-UE and gNB should be configured to report additional assistance information in addition to the DL PRS/UL SRS carrier phase measurements. This allows phase error mitigation and integer ambiguity resolution at LMF which results in high accuracy positioning. Measurements configuration and associated signaling will be further detailed hereinafter. 
Common Reporting Aspects
The following carrier phase reporting details were discussed and concluded in TR 38.859 during the study phase [2]: 
	TR 38.859 Carrier Phase Measurements
The following approaches for NR carrier phase positioning are studied:
-	The reporting of the carrier phase measurements together with the existing positioning measurements.
-	The reporting of the carrier phase-based measurements alone without reporting the existing positioning measurements.


The LMF could configure target-UE or gNB to perform carrier phase measurements in a standalone manner or jointly with other legacy-based measurements. This configuration might include information related to integer ambiguity resolution and phase errors mitigation and other enhancements. The reporting of standalone carrier phase measurements or jointly based on other DL or UL positioning measurements depends on the discussion of the whether carrier phase measurements is configured in a standalone or joint manner.
Observation 1: The standalone or joint reporting of carrier phase measurements depends on whether these measurements are configured in a standalone or joint manner.
In addition, it would be beneficial to consider phase error reporting mechanisms from the receiver side in order to enable the location server to mitigate such errors. The LMF, for example may configure the target-UE to report certain errors such as the initial phase offset, CFO, PCO, etc. to enable accurate processing and computation of the UE’s location estimate. This may also be applicable to UL-based CP measurements, where the NG-RAN node is configured to provide phase-related error for accurate CP measurements. 
Proposal 6: Support LMF configuration of phase-related errors for accurate DL/UL CP measurements.
Furthermore, any quality metrics associated to the carrier phase measurements should be further considered in order to enable the LMF to assess the usefulness of each carrier phase measurement provided by the NG-RAN or target-UE. This could be enabled for both UE-assisted and NG-RAN assisted CP measurements. Timing-related information as to when the CP measurements can also be considered beneficial in terms of measurement tracking, e.g., use of timestamps.
Proposal 7: RAN1 to consider the reporting of quality metrics and timestamps associated to DL/UL carrier phase measurements. FFS details of the type of quality metrics.
Integer Ambiguity Resolution Reporting
The following integer ambiguity reporting details were discussed and concluded in TR 38.859 during the study phase [2]: 
	TR 38.859 Carrier Phase Measurements
The potential solutions of integer ambiguity resolution for NR carrier phase positioning were investigated in the study item, which include the following: 
-	Reporting of the carrier phases of more than one frequency from UE/TRP to LMF
-	NOTE: frequency refers to frequency of carrier or frequency of subcarrier(s)
-	Reporting of the determined integer ambiguity and/or the search range of the integer ambiguity from UE/TRP to LMF
-	Reporting of the carrier phase measurements together with the legacy positioning measurements from UE/TRP to LMF
-	Reporting of the new measurements from UE /TRP to LMF, e.g., based on carrier phase differentials across multiple subcarriers within a carrier
-	NOTE: carrier phase differentials across multiple subcarriers within a carrier can be equivalent to time of arrival
-	LMF configure the integer ambiguity range between the TRP and target UE (for UE-based NR CPP). For UL UE-assisted NR carrier phase positioning, at least the carrier phase measured from the UL SRS for positioning purpose is considered


The assistance information related to IA can be beneficial in assisting the LMF to account for this key error, when computing the target-UE’s location. Since IA can result in brute force search, it would also be beneficial to include any search assistance data such as the search range. In addition, the reporting of subcarrier phase differentials can also be considered beneficial in resolving the integer ambiguity. 
Proposal 8: RAN1 to consider the support of reporting IA related metrics such as the actual IA, search ranges, subcarrier phase differentials.
Integer ambiguity resolution and phase errors mitigation using UEs with perfectly known locations:
If carrier phase measurements are used in conjunction with existing techniques such as DL-TDoA (in a hybrid fashion to determine the TOA and carrier phase), timing and phase errors may occur from the transmitter (gNB/TRPs) and receiver (UE) perspective. In order to overcome such errors, UEs with known locations can be used to eliminate such hardware impairments via the double differential technique. This aspect was extensively discussed in Rel-17 under the concept of so-called positioning reference units (PRUs) with no further progress on this aspect. In terms of supporting enhanced accuracy for carrier phase measurements PRUs may assist in reducing the integer ambiguity search space via the assistance of multiple UEs with perfectly known locations e.g PRUs in the vicinity of the target-UE. The known locations of the UE assist in establishing a reference for integer ambiguity resolution. The carrier phase of the received signal (e.g., PRS) could be written as in equation (4).
                                                                                                 (4)
where N is the integer ambiguity, f is the carrier frequency of the received signal, d is the distance between the transmitter and receiver and c is the speed of light. In order to estimate the distance , it is necessary to estimate the integer ambiguity  correctly. Only when the integer ambiguity is estimated correctly, can the positioning accuracy of carrier phase reach the CRLB (Cramer Rao Lower bound).
Several approaches have been proposed in the literature for integer ambiguity resolution e.g virtual wavelength or multi-frequency methods, multi-epoch methods and combination of legacy-based positioning measurements and carrier phase measurements. However, all these methods rely on PRS measurements received over different carrier/subcarrier frequencies or time instances. According to the WID objectives [1], it is recommended to use single carrier/PFL for carrier phase measurements, which limits the used of virtual wavelength methods to resolve the integer ambiguity.
Hereinafter, we propose resolving the integer ambiguity of the carrier phase measurement using assistance information provided by PRUs to LMF in the case of UE-assisted positioning and to the target UE in the case of UE-based positioning. This approach allows for the use of PRS transmitted over single carrier frequency and is designed for standalone carrier phase positioning, unlike other methods based on virtual wavelength. 
Using assistance information from UEs with perfectly known locations e.g., positioning reference units (PRUs) located in the vicinity of a target UE possibly served by the same Tx PRS beam, the integer ambiguity could be resolved. The assistance data might help reduce the IA search space at target UE by providing an upper and lower bound values on IA. This assistance data could be transmitted to LMF from designated UEs with known location via LPP signalling. Based on this information, LMF could determine a tight IA range which allows much easier and more reliable solutions for integer ambiguity.
In details, UEs with known locations e.g., PRUs determine the value of the unknown integer number of cycles corresponding to different frequencies and create a mapping table for different PRS carrier frequencies. This is possible since these UEs have perfectly known locations. LMF designates these UEs or PRUs based on their distance with regards to target UE and serving TRPs, which allows the determination of two bounds on IA at target UE; The upper bound on IA could be provided by a PRU whose distance to gNB is larger than distance between target UE and gNB (calculated on the basis of a coarse location). Similarly, the lower bound on IA could be provided by a PRU whose distance to gNB is smaller than distance between target UE and gNB (calculated on the basis of a target UE coarse location) as shown in Figure 2. This information is transmitted to a target UE as assistance information from LMF in order to reduce the integer ambiguity search space at UE side.
[image: ]
[bookmark: _Ref127467540]Figure 2: Integer ambiguity resolution using assistance data from PRUs
Furthermore, as stated above, UEs with perfectly known locations could also be used to perform double-differential techniques and thus mitigate phase errors e.g initial random phase errors at transmitter and receiver, antenna reference point (ARP) location errors, etc. Evaluations from previous meetings during the study item showed that perfect mitigation of phase errors requires high density PRU deployments in LOS links with serving TRP/target UE, which results in high network deployment costs and complexity. Hereinafter, we propose a solution for the low density PRU deployments scenario. Note that PRUs could also be any UE with perfectly known location, that can be designated by LMF. Similar to virtual reference stations (VRSs) widely used in GNSS for high precision positioning, a virtual positioning reference unit (V-PRU). The principle is to interpolate the data of several positioning reference units in order to obtain the correction data for target UE. LMF could also interpolate the data received from several PRUs in in-coverage scenarios and v-PRU could be configured to model phase errors based on received data from PRUs in out-of-coverage scenarios.
In details, LMF could request different PRUs, in LOS links with TRPs, to perform DL PRS measurements over different PRS resources received from a serving TRP in order to model the phase errors at TRPs and mitigate them. The phase error estimation and mitigation would allow target UEs to determine accurately their positions when using carrier phase measurements positioning technique. In this case, target UEs perform carrier phase measurements over DL PRS received from same TRPs used to estimate the phase errors. Multiple DL-PRS measurements could be performed by multiple PRUs over multiple Tx beams in order to collect enough measurements for data interpolation and phase errors modelling.
The phase errors model based on multiple measurements from different PRUs and/or associated with different Tx beams, enables more accurate error mitigation than phase errors estimated by one single PRU and eliminates the need for a high PRU density. Different DL-PRS measurements and/or phase error estimates are reported to LMF in an in-coverage scenario and to a central unit that we call virtual positioning reference unit (v-PRU) in the out-of-coverage case.
Proposal 9: Integer Ambiguity could be resolved using assistance data from neighboring UEs with perfectly known locations when single PFL and carrier is considered.

Proposal 10: RAN1 to consider phase errors mitigation using data modeling and interpolation at LMF or virtual PRU as a solution for low density PRU deployments.
Conclusion
The following observation was noted:
Observation 1: The standalone or joint reporting of carrier phase measurements depends on whether these measurements are configured in a standalone or joint manner.
The proposals from this carrier phase discussion paper are summarized as follows:
Proposal 1: RAN1 to prioritize DL CP measurements based on DL PRS transmitted from a single TRP.
Proposal 2: If carrier phase difference measurements are supported, consider configuration and reporting along with legacy RSTD measurements.

Proposal 3: RAN1 to further discuss the specification of CP measurements in terms of a standalone method for DL and UL CP measurements.

Proposal 4: Support the measurement of subcarrier phase measurements at UE/gNB. FFS the details of exploiting the subcarrier phases, e.g., use of subcarrier phase differentials, number of considered subcarriers, etc.

Proposal 5: RAN1 to further discuss which of the PRS PRBs should be used for performing subcarrier/carrier phase measurements in relation to other signals/channels.

Proposal 6: Support LMF configuration of phase-related errors for accurate DL/UL CP measurements.

Proposal 7: RAN1 to consider the reporting of quality metrics and timestamps associated to DL/UL carrier phase measurements. FFS details of the type of quality metrics.

Proposal 8: RAN1 to consider the support of reporting IA related metrics such as the actual IA, search ranges, subcarrier phase differentials.

Proposal 9: Integer Ambiguity could be resolved using assistance data from neighboring UEs with perfectly known locations when single PFL and carrier is considered.

Proposal 10: RAN1 to consider phase errors mitigation using data modeling and interpolation at LMF or virtual PRU as a solution for low density PRU deployments.
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