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Introduction
The Rel-18 NR positioning evolution SID was agreed upon during the RAN#94-e [1] meeting, where one of the objectives included improved accuracy using NR carrier phase measurements. The following agreements were made during RAN1#109-e [2], RAN1#110 [3] and RAN1#110-bis-e [4] to further study the potential and benefits of Carrier Phase positioning:
	RAN1#109-e Agreements:
Agreement
NR carrier phase positioning performance will be evaluated at least with the carrier phase measurements of a single measurement instance.
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.
Agreement
The study of the accuracy improvement based on NR carrier phase measurements in Rel-18 SI may include:
· 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.
· Note: The use of “carrier phase positioning” does not necessarily mean it is a standalone positioning method
· FFS: whether SL carrier phase positioning is to be discussed in Rel-18 SI 

Agreement
· The impact of multipath for the carrier phase positioning will be evaluated during the SI 
· The methods of mitigating the impact of multipath for the carrier phase positioning will be studied during the SI, if it is considered to be necessary after the evaluation.
Agreement
· Reuse the simulation assumptions of NR Rel-16/17 for carrier phase positioning
· Note: Optional modification of the simulation assumptions defined in NR Rel-16/17 are allowed only if needed. 
· The evaluation scenarios:
· Baseline: InF-SH, InF-DH
· Optional: IOO, Umi, Highway
· Note 1: Other evaluation scenarios are not precluded.
· Note 2: Existing Rel-17 DL/UL reference signals in Uu interface is to be used for the Highway scenario.
· Frequency range: 
· Baseline: FR1
· Optional: FR2
Agreement
· In addition to the evaluation assumptions of NR Rel-16/17, the following error sources may also be considered during the evaluation:
· Phase noise (FR2)
· CFO/Doppler
· Oscillator-drift
· Transmitter/receiver antenna reference point location errors
· Transmitter/receiver initial phase error
· Phase center offset
· Note: Other error sources are not precluded
· Note: UE mobility can be considered in the evaluations
· Note: one or more error sources can be evaluated jointly
· Note: companies should provide the error sources model with their evaluations
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 an 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. 
Agreement
The use of PRUs to facilitate NR carrier phase positioning can be evaluated in the SI by RAN1.

RAN1#110 Agreements
Agreement
Endorse the templates in section 17 under (H)(Round 1) Proposal 17-1 in R1-2207690 to collect carrier-phase based positioning simulation results, with the following notes:
· The TR editor can adjust the sections/sub-sections arrangement
· Adjust the titles of the tables to refer to NR carrier-phase based positioning
· The detailed rows of the tables can be further discussed

Agreement
· In the evaluation of NR carrier phase positioning, the following frequency errors can be considered, which are modeled independently for each UE and each TRP:
· Initial Residual CFO (is the same for one measurement instances [or multiple phase measurement instances]):
· Ideal: 0 (UE/TRP)
· Practical: uniform distribution within 
· [-30, +30] Hz (FR1, UE), [-100, +100] Hz (FR1, UE), 
· [-120, +120] Hz (FR2, UE), [-400, +400] Hz (FR2, UE),
· [-10, +10] Hz (for each TRP, FR1),
· [-40, +40] Hz (for each TRP, FR2).
· Oscillator-drift (is the same for one or multiple phase measurement instances for positioning fix):
· Ideal: 0 (UE/TRP)
· Practical: uniform distribution within [-0.1, 0.1] ppm (UE), [-0.02, +0.02] ppm (each TRP) within measurement duration
· Note: The Doppler frequency can be determined based on the UE speed in the evaluation assumption.
Agreement
In the evaluation of NR carrier phase positioning, the offset between the initial phase of the transmitter and the initial phase of the receiver can be modeled as a random variable uniformly distributed within [0, X].
·  Possible values of X: 2pi
· Other values FFS
Agreement
In the evaluation of NR carrier phase positioning, the antenna reference point (ARP) location error of a TRP can be modeled as follows: 
· Ideal: no ARP error
· Practical: a zero-mean, truncated Gaussian distribution with zero mean and standard deviation of T=[1, 5] cm truncated to 2T in each of (x, y, z) direction
RAN1#110-bis-e Agreements
Agreement
The existing DL PRS and UL SRS for positioning can be re-used as the reference signals to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning. 
· FFS: Whether to consider enhancements of the existing DL PRS and UL SRS for better positioning performance
Agreement
For UE-assisted NR carrier phase positioning, at least consider the following options 
· 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
Agreement
Make the following modification to the previous agreement on the initial phase model with an additional note:
· In the evaluation of NR carrier phase positioning, both the initial phase of the transmitter and the initial phase of the receiver can be modeled as independent random variables uniformly distributed within [0, 2pi].
· Note: The initial phase of a transmitter applies to all subcarriers of the same carrier frequency associated with the transmitter, and the initial phase of a receiver applies to all subcarriers of the same carrier frequency associated with the receiver.
Agreement
Further study the benefits of using the carrier phase measurements of multiple DL positioning frequency layers for NR carrier phase positioning, which may include the impact of the time gap between the carrier phase measurements of multiple DL PFLs.
· Note 1: The initial phase error and the frequency error for each PFLs can be modelled independently
· Note 2: For the evaluation, the PRS signals of all PFLs of a TRP can be assumed to be transmitted from the same ARP or from different ARPs of the TRP.
· Note 3: The location error for ARPs can be modelled independently.
· Note 4: The timing errors of the PFLs may not be the same for PFLs in different bands or frequency ranges.
· Note 5: In Rel-17, simultaneous reception of DL PRS from multiple frequency layers is not supported
Agreement
For UL UE-assisted NR carrier phase positioning, at least consider the carrier phase measured from the UL SRS for positioning purpose.
· Note: The use of MIMO SRS for positioning purpose is transparent to UE.
Agreement
Capture the following TP into TR 38.859 as a conclusion (for Section 6.3.1):
· The impact of multipath/NLOS on NR carrier phase positioning is evaluated during the study item. Based on the study, it is concluded that multipath/NLOS deteriorates the performance of carrier phase positioning and it is necessary to consider multipath mitigation for NR carrier phase positioning.
· The evaluation results for the impact of the multipath/NLOS on NR carrier phase positioning will be presented in Section 6.3.2.
Agreement
Add the following note to the previous agreement on error modelling of the initial phase:
· Note: The initial phases of a transmitter for different carriers can be assumed to be independent of each other. Similarly, the initial phases of a receiver for different carriers can be assumed to be independent of each other.
Agreement
Add a row of "PRU assumptions" in Table B.4.X.1-1: NR carrier phase positioning enhancements – evaluation scenarios and parameters” in Draft TR 38.859.
· Note: PRU deployment assumptions may include the assumptions of the number of PRUs, the PRU locations and location errors etc.
Agreement
Capture the following TP into TR 38.859 as an evaluation observation:
The impact of the initial phases of the transmitter and the receiver on NR carrier phase positioning is evaluated in the study item. The evaluation results from the sources (e.g., Huawei[1], vivo[2], CATT[6], ZTE[9]) show that if the initial phases of the transmitter and the receiver are not eliminated, it is impossible to support centimeter-accuracy positioning.
The effectiveness of using double differential technique with PRU to eliminate the impact of the initial phases of the transmitter and the receiver on NR carrier phase positioning are evaluated in the study item. The evaluation results from the sources (Huawei[1], CATT[6], ZTE[9], Ericsson [23]) show that the initial phases of the transmitter and the receiver can be removed effectively by the double differential technique with the use of the PRU:
· Source [Huawei, 1] shows the positioning accuracy of <1cm (80%) for Inf-SH and < 1cm (50%) for Inf-DH can be reached when the PRU is located within a distance of 5m from the target UE.
· Source [CATT, 6] shows the positioning accuracy of <1cm (80%) for Inf-SH and <1cm (50%) for Inf-DH can be reached under the under condition that the PRU is located a fixed location in LOS of the TRP.
· Source [Ericsson 23] shows that the accuracy of <1cm (50%) when the PRU is located within 1m of the target UE. However, the effectiveness reduces when the PRU is located away from the target UE because the channel conditions of the PRU is different from the target UE.
· Note: in the above results, all other error sources (except initial phase error) were not modelled.
(Not captured in TR) Note: The number of sources and the references, and the observations, can be further updated in next meeting depending on companies’ updates of simulation results. 
Agreement
Capture the following TP into TR 38.859 as an evaluation observation (for Section 6.3.2):
The impact of the residual CFOs of the transmitter and the receiver on NR carrier phase positioning are evaluated during the study item.
· The evaluation results from the sources (Huawei[1], ZTE[9]) shows the impact of residual CFOs on carrier phase positioning is negligible.
· The evaluation results from the source (CATT[4]) shows the impact of the residual CFOs on the positioning performance of carrier phase positioning is removed with the use of the double differential technique with the PRU that is located a fixed location in LOS of the TRP.
(Not captured in TR) Note: The number of sources and the references, and the observations, can be further updated in next meeting depending on companies’ updates of simulation results. 
Agreement
Capture the following TP into TR 38.859 (Section 6.3.1):
· The use of the positioning reference unit (PRU) to facilitate NR carrier phase positioning has been studied during the study item.
· For DL NR carrier phase positioning, the PRU works as a UE to receive the DL PRS reference signals and provide the DL carrier phase measurements to the LMF, where the double differential measurements can be obtained by the difference of the DL carrier phase measurements from the target UE and those from the PRU for eliminating the measurement errors.
· For UL NR carrier phase positioning, the PRU works as a UE to transmit the UL SRS signals for positioning purpose. The TRPs provides the UL carrier phase measurements obtained from the UL SRS signals of the target UE and of the PRU to the LMF, where the double differential measurements can be obtained by the difference of these UL carrier phase measurements for eliminating the measurement errors.
Agreement
Further study the effectiveness of the following multipath mitigation methods for the carrier phase positioning and the potential on the standard work:
· Identify and separate the first path and other paths.
· 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.
· The report of other channel information, such as RSRP/RSRPP.
Agreement
Further study the following approaches for NR carrier phase positioning, and identify the potential impact on the standard.
· 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.



This contribution provides a discussion on the various issues to consider NR carrier phase measurements as part of the positioning framework.
Introduction
Carrier phase positioning appears as a promising candidate for 5G NR positioning. However, to achieve the centimetre-level accuracies several impairments and error sources should be 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 (See Figure 1). Different methods can be used to determine the values of integer ambiguity for standalone and non-standalone carrier phase-based positioning. 
Multipath, NLOS and error sources (such as phase noise, transmitter/receiver initial phase error, oscillator drifts…etc) may cause additional inaccuracies of the carrier phase measurements, which also need consideration in the context of the NR positioning framework. 
In this document, we present some considerations for employing carrier phase-based positioning methods in 5G NR systems. In particular, we propose a new method of constructing positioning reference signals (PRS) that is efficient for accurate phase measurement. The proposed PRS configuration method has superior phase measurement accuracy compared to the Release-17 staggered PRS pattern. In addition, we propose a new method for resolving the integer ambiguity for standalone carrier phase positioning.




  
[bookmark: _Ref102149643]  Figure 1: Carrier phase-based positioning in NR
Discussion
Target Requirements
The 3GPP Rel-17 NR positioning enhancement study item targeted higher positioning accuracy and lower latency when compared to Rel-16, in an effort to support high accuracy and latency requirements for supporting new applications and industry verticals for NR such as IIoT environments. In order to evaluate the performance of carrier phase measurements in NR, a beneficial aspect of the study would be to define the target positioning requirements. Although, this is the last meeting of the study, it would be good to agree on a set of requirements for carrier phase positioning in order to draw meaningful observations in relation to the carrier positioning performance. Based on the RAN plenary discussions in [4], enhanced accuracy was discussed to be the main driver for the study of carrier phase measurements and the target performance requirements should discussed with respect to the accuracy KPIs (including horizontal and vertical accuracy). 
Observation 1: The accuracy requirements may be more stringent compared to past methods, based on the carrier wavelength, however the requirements may also be different based on indoor and outdoor scenarios.
Proposal 1: RAN1 should define the performance requirements of carrier phase positioning in terms of horizontal and vertical accuracy requirements based on the FR1/FR2 carrier wavelengths as well as distinguishing the accuracy according to different environments, e.g., indoor vs outdoor.
NR Carrier phase reference signal RS design
Due to the nature of carrier phase measurements to be performed, the reference signal design is a key issue for discussion. The SID also provides priority guidance for the study of the existing PRS and SRS design to support carrier phase measurements in InF-SH and InF-DH (IIoT) scenarios. Whether to use existing PRS or a new PRS design for carrier phase also depends on whether the use of the existing RS designs can meet the target positioning requirements as indicated in Proposal 1. 
Observation 2: The study of new RS designs for carrier phase may lead to larger specification impact.
NR PRS design based on the existing OFDM design was tailored to accommodate good detectability performance for RAT-dependent timing-based and angular-based positioning methods using staggered comb pattern designs. In order to obtain enhanced estimates of the carrier phase, the received signal should ideally be continuous in time which should be considered with respect to the existing OFDM-based NR PRS design. 
The waveform of the PRS symbols must therefore be continuous in nature behaving as a sinusoidal tone spanning the whole transmission of the consecutive symbols. In the context of the CP-OFDM structure of NR, it is not easy to obtain such pure tone signal that leads to continuity at the end of the block symbols, without major changes to the current design. Due to the CP operation, the tail portion of a symbol samples is copied and placed in the prefix region. As a result, most subcarrier waveforms are discontinuous in the symbol boundary as shown in Figure 2. This makes it difficult to create a continuous waveform spanning multiple symbols. 
[image: ]
[bookmark: _Ref111200077]      Figure 2: Discontinuous CP-OFDM waveform  
Even though a note in the RAN1#109e agreement stated that existing Rel-17 DL/UL reference signals in Uu interface are to be used for the baseline IIoT scenarios, we are of the view that a new continuous reference signal could be designed for carrier phase positioning allowing more accurate phase estimation, which would be particularly beneficial for the important indoor scenarios. The new PRS waveform discontinuity issue could be overcame using a raised cosine technique in time domain. This technique allows for smoothing the edges of the OFDM symbol and having a continuous waveform without impacting the OFDM total symbol duration. This technique is shown in Figure 3.
Observation 3: Re-using the current OFDM-based PRS/SRS design may provide some challenges due to the lack of continuity in time domain to accurately estimate the carrier phase.
Proposal 2: To improve the positioning performance of NR by applying the carrier phase positioning method, the PRS waveform should be continuous. This is enabled by performing raised cosine technique over the PRS waveform.



Figure 3: Continuous PRS waveform using the Raised Cosine technique
Current Rel.16/17 DL positioning reference signal design is based on a 31-bit Gold code sequence and a physical resource mapping according to a comb-structure in frequency domain. Different TRPs could be multiplexed on same slots using different frequency offsets. This design is very efficient and reliable for estimating the time of arrival (ToA) in presence of interfering DL PRSs from neighbouring TRPs, when using a timing-based positioning technique. In this case, the higher the DL PRS bandwidth, the better the positioning accuracy. 
The reference signal designed for carrier phase measurements needs to be mapped at constant frequency, into a block-type arrangement in time domain which implies mapping of the carrier phase PRS to contiguous symbols. This is to allow for subcarrier frequencies to be kept constant during the phase estimation period. The same pattern is also used in PTRS (phase tracking reference signal) design. Figure 4 is an illustration of the C-PRS mapping to physical resources. Different UEs/TRPs can be multiplexed in frequency domain on same slots, each using a different frequency offset to avoid collision.

[image: ]
Figure 4: Contiguous mapping of PRS for carrier phase-based positioning
Proposal 3: To improve the positioning performance of NR by applying the carrier phase positioning method, contiguous mapping of PRS generating sequence in time domain needs to be studied.
Proposal 4: The range of values of the frequency offset  and the number of contiguous symbols  for accurate carrier phase measurements need to be further investigated for the potential new carrier phase RS.
Carrier phase measurements and bandwidth requirements
Unlike timing-based positioning techniques, the carrier phase positioning reference signal bandwidth could be narrower than the current PRS bandwidth. 

The relaxed bandwidth requirements for carrier phase measurements compared to timing-based positioning could be shown using the Crámer-Rao lower bound (CRLB). CRLB shows that the accuracy of timing-based positioning methods depends on the reference signal bandwidth. However, carrier phase positioning accuracy does not depend on the bandwidth of the reference signal, and its positioning accuracy is related to the radio frequency. 
Proposal 5: RAN1 to further study the support of narrower bandwidth configurations for carrier phase-based positioning. 
PRUs for Carrier Phase Error Mitigation
Solutions for Integer ambiguity using PRUs
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 a known location can be used to eliminate such hardware impairments via the double differential technique in the case timing-based corrections.  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 PRUs in the vicinity of the target-UE. The known locations of the PRU 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 (1).

                                                                                                 (1)

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. Hereinafter, we propose resolving the integer ambiguity of the carrier phase measurement using assistance information provided by PRUs to LMF in the case of network-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 and extended Kalman filter. 
Using assistance information from 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. Prior to that, during an exploration session, PRUs determine the value of the integer number of cycles corresponding to different frequencies and create a mapping table for different PRS carrier frequencies. This information is given to a target UE as assistance information from LMF in order to reduce the integer ambiguity search space at UE side. 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).  These PRUs are selected by LMF.
Proposal 6: Support the use of Positioning Reference Units (PRUs) to help mitigate the following carrier phase errors:
· To assist in providing an upper and lower bound on the integer ambiguity (IA) based on the selection of PRUs in the vicinity of the target-UE, which reduces IA search space.

Impact of error sources on carrier phase measurements: 
In addition to proper integer ambiguity resolution, several error sources should be mitigated in order to achieve centimetre-level accuracy using carrier phase-based positioning.
· Carrier Frequency Offset :
Carrier frequency offset often occurs when the local oscillator signal for down-conversion in the receiver does not synchronize with the carrier signal contained in the received signal. This phenomenon can be attributed to two important factors: frequency mismatch in the transmitter and the receiver oscillators; and the Doppler effect as the transmitter or the receiver is moving. When this occurs, the received signal will be shifted in frequency
The impact of this offset is to cause a phase ramp across time, thus impacting the phases of PRS transmitted/received at different times differently. 
There exists several methods for estimating the CFO including the ML estimation which is quite popular in MIMO-OFDM systems. Once estimated, the CFO could be compensated. Although the CFO in the received signal has been estimated and compensated in the receiver, some residual CFO may still exist. In addition, the CFO contained in the received signal might be time-varying and thus needs to be continuously tracked.  
Proposal 7: Time-varying residual CFO has a negative impact on the transmission and reception phase of PRS(DL)/SRS(UL), which affects the accuracy of the carrier phase measurements, and additional residual CFO tracking and compensation techniques could be studied for the carrier phase positioning case.
Conclusion
The following observations have been noted with respect to the discussion:
Observation 1: The accuracy requirements may be more stringent compared to past methods, based on the carrier wavelength, however the requirements may also be different based on indoor and outdoor scenarios.
Observation 2: The study of new RS designs for carrier phase may lead to larger specification impact. 
Observation 3: Re-using the current OFDM-based PRS/SRS design may provide some challenges due to the lack of continuity in time domain to accurately estimate the carrier phase.
The proposals are summarized as follows:
Proposal 1: RAN1 should define the performance requirements of carrier phase positioning in terms of horizontal and vertical accuracy requirements based on the FR1/FR2 carrier wavelengths as well as distinguishing the accuracy according to different environments, e.g., indoor vs outdoor.

Proposal 2: To improve the positioning performance of NR by applying the carrier phase positioning method, the PRS waveform should be continuous. This is enabled by performing raised cosine technique over the PRS waveform.

Proposal 3: To improve the positioning performance of NR by applying the carrier phase positioning method, contiguous mapping of PRS generating sequence in time domain needs to be studied.
Proposal 4: The range of values of the frequency offset  and the number of contiguous symbols  for accurate carrier phase measurements needs to be further investigated for the potential new carrier phase RS.

Proposal 5: RAN1 to further study the support of narrower bandwidth configurations for carrier phase-based positioning.

Proposal 6: Support the use of Positioning Reference Units (PRUs) to help mitigate the following carrier phase errors:
· To assist in providing an upper and lower bound on the integer ambiguity (IA) based on the selection of PRUs in the vicinity of the target-UE, which reduces IA search space.

Proposal 7: Time-varying residual CFO has a negative impact on the transmission and reception phase of PRS(DL)/SRS(UL), which affects the accuracy of the carrier phase measurements, and additional residual CFO tracking and compensation techniques could be studied for the carrier phase positioning case.
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