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The Rel-18 SI “Study on expanded and improved NR positioning” was approved in RAN1#94e (RP-213588) [1]. One of the SI objectives is:
· Study solutions for accuracy improvement based on NR carrier phase measurements [RAN1, RAN4]
· Reference signals, physical layer measurements, physical layer procedures to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning [RAN1]
· Focus on reuse of existing PRS and SRS, with new reference signals only considered if found necessary

The study was completed in RAN1#111 with the following conclusion [2]:

Based on the study, it is concluded that it is feasible to use existing DL PRS and SRS signals to obtain the carrier phase measurements for achieving a horizontal accuracy of up to a few centimeters at least at 50% under certain conditions, including the PRU(s) being located in LOS with TRP(s), and the locations of the PRU(s) and TRPs known with centimeter-level accuracy, in the agreed evaluation assumptions

In this contribution, we discuss the conclusion of SI and propose a way forward for NR carrier phase measurement positioning in Rel-18 WI.
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During the SI, various solutions for accuracy improvement based on NR carrier phase measurements have been investigated according to the SI objective.

Regarding the reference signals for NR carrier phase positioning, RAN1 has reached the following conclusion [2]: 

· Existing DL PRS and UL SRS for positioning purpose are recommended as the reference signals to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning if NR CPP is introduced.
· Note: The use of SRS MIMO for NR carrier phase positioning is transparent for UE.

Regarding the physical layer measurements for NR carrier phase positioning, RAN1 has reached the following conclusion [2]:
· [bookmark: _Hlk62117352][bookmark: _Toc54552966][bookmark: _Toc48211472][bookmark: _Toc54553088]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.
· 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

Regarding the physical layer procedures for NR carrier phase positioning, RAN1 has reached the following conclusions [2]:
· 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.

· At least the double differential technique with PRU is feasible for UE-based, and network-based NR carrier phase positioning, if NR CPP is introduced, at least, for eliminating the impact of the initial phases of the transmitter and the receiver.
· Note 1: How to efficiently enable the use of the PRU for supporting NR double differential carrier phase positioning needs further discussion during the normative work.
· Note 2: the required PRU density also needs further discussion
· Note 3: other methods for eliminating the impact of the initial phases of the transmitter and the receiver are not precluded

The performance of NR carrier phase positioning has been evaluated rigorously under IIoT InF-SH and InF-DH scenarios with the consideration of various error sources, which include timing errors (e.g., transmitter/receiver initial phase errors), frequency errors (frequency offset (CFO), oscillator-drift), transmitter/receiver antenna reference point (ARP) location errors, antenna phase center offset (PCO), etc.
Based on the evaluation results [2], most sources show that a horizontal positioning accuracy of 1cm @80% and 1cm@50% can be achieved for InF-SH and InF-DH scenarios respectively if these errors sources (i.e., timing errors, frequency error, ARP location error, and PCO) are not considered. The timing errors (transmitter/receiver initial phase errors) and the frequency errors (frequency offset (CFO)/Doppler, oscillator-drift) can be eliminated when the double differential technique is used. The impact of the PCO can also be negligible for a calibrated antenna. However, the evaluation results show ARP errors may have a significant impact on positioning accuracy of single-carrier CPP due to the impact of ARP errors on the resolution of the integer ambiguity of the carrier phase measurements. Mainly due to the impact of ARP errors on NR carrier phase positioning accuracy, RAN1 could not reach a consensus to recommend the support of carrier phase measurements for positioning in R18, although RAN1 has concluded that “it is feasible to use existing DL PRS and SRS signals to obtain the carrier phase measurements for achieving a horizontal accuracy of up to a few centimeters at least at 50% under certain conditions”[2].
In our view, the impact of the receiver antenna reference point (ARP) location errors should not block introducing the carrier phase measurements for NR positioning in Rel-18 for multiple reasons:
1) The determination of an ARP location is an implementation issue. There are many existing approaches for determining the antenna location of a stationary reference station very accurately for supporting cm-level or even mm-level GNSS carrier phase positioning. 
2) In the evaluation of the SI, the ARP location error is modelled as truncated Gaussian distribution with zero mean and standard deviation of T=[1, 5] cm truncated to 2T in each of (x, y, z) directions. These values were agreed relatively quickly without sufficient input from relevant sources and not enough time to study what values might be appropriate. For example, the assumption of T=5 cm is clearly too large for supporting cm-level positioning.
3) In the SI, multiple sources [2] have also shown that the impact of ARP position errors can be reduced significantly when carrier phases of multi-frequencies are reported, e.g., when carrier phases of subcarriers within the carrier bandwidth are reported. Using the carrier phases of multi-frequencies allows the resolution of the integer ambiguity without first using the ARP location to solve the UE location, and thereby avoids the impact of ARP position errors on the resolution of the integer ambiguity.
4) Rel-16/17 techniques were evaluated with the assumption of perfect ARP location. It is not a unique feature of CPP.

It is also worth pointing out because of the time limitation of the SI, the evaluation results of the carrier phase measurements from the sources are limited to the use of single-shot carrier measurements with very basic NR CPP algorithms. We may expect to have much better NR CPP positioning accuracy when more advanced NR CPP algorithms are used with multiple-shot measurement carrier measurements.
Thus, based on the study and evaluation results of NR carrier phase positioning during the SI, and the above discussion, we strongly recommend including the support of carrier phase measurements for positioning in R18 WI on expanded and improved NR positioning.
Proposal 1: The accuracy improvement based on NR carrier phase measurements for UE-based and LMF-based positioning should be included in Rel-18 WI on expanded and improved NR positioning.

Conclusion
Based on the discussion above, we have the following proposal.
Proposal 1: The accuracy improvement based on NR carrier phase measurements for UE-based and LMF-based positioning should be included in Rel-18 WI on expanded and improved NR positioning.
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Appendix: Some key evaluation observations of NR CPP 

	[bookmark: _Toc120660089]6.3.2 Summary of Evaluations for NR Carrier Phase Positioning (TR 38.859[3])
….
Evaluations of NR carrier phase positioning were conducted using evaluation assumptions with some differences across sources. Different algorithms and methods are also used for estimating the carrier phases and determining UE’s location based on the carrier phases. Thus, for the observations of evaluation results presented in this section, it is important to consider the details of the evaluation assumptions as well as the algorithms and methods provided by each source in the references (e.g., in Annex B.4).

The accuracy of NR carrier phase positioning is evaluated under different scenarios (e.g., InF-SH, InF-DH) defined in [11] without considering the error sources listed in Annex A.3 (e.g., timing/ frequency errors, antenna PCO and ARP position errors). The evaluation results can be seen as the reference for studying the impacts of the error sources listed in Annex A.3. 9 out of 11 sources ([79], [80], [81], [82], [85], [86], [87], [88], [90]) show that the centimeter-level positioning accuracy can be achieved by the use of carrier phase measurements at least when other error sources are not considered. 2 out of 11 sources ([83], [84]) show that the centimeter-level positioning accuracy can be achieved by the use of ideal resolution of integer ambiguity:

· Source [79] shows:
· For InF-SH scenario:
· (No differential) UL-CPP (Case 1): <1.0cm @50% and <1.0cm @80%.
· SD UL-CPP (Case 5): <1.0cm @50% and <1.0cm @80%.
· DD DL-CPP (Case 9): <1.0cm @50% and <1.0cm @80%.
· For InF-DH scenario
· (No differential) UL-CPP (Case 2): <1.0cm @50% and <1.0cm @80%.
· SD UL-CPP (Case 6): <1.0cm @50% and 0.974m @80%.
· DD DL-CPP (Case 10): <1.0cm @50% and 1.014m @80%.
· Source [80] shows:
· For InF-SH scenario:
· SD DL-CPP (Case 102): <1.0cm@50% and <1.0cm @80%
· For InF-DH scenario
· SD DL-CPP (Case 202): <1.0cm@50% and 0.33m @80%
· Source [81] shows:
· For InF-SH scenario:
· SD DL-CPP (Case 2): <1.0cm @50% and <1.0cm @80%.
· DD DL-CPP (Case 3): <1.0cm @50% and <1.0cm @80%.
· DD DL-CPP (two subcarrier frequencies in one PFL) (Case 4): <1.0cm @50% and <1.0cm @80%.
· DD DL-CPP (two carrier frequencies, two PFLs) (Case 5): <1.0cm @50% and <1.0cm @80%.
· For InF-DH scenario
· SD DL-CPP (Case 7): 0.6cm @50% and 3.0cm @80%.
· DD DL-CPP (Case 8): 4.6cm @50% and 14.8cm @80%.
· DD DL-CPP (two carrier frequencies, two PFLs) (Case 9): 1.0cm @50% and 2.7cm @80%.
· Source [82] shows:
· For InF-SH scenario:
· DD DL-CPP (Case 1): <1cm @50% and <1cm @80%.
· Source [83] shows:
· For InF-SH scenario:
· SD DL-CPP (Case 1): <1cm @50% and <1cm @80% (with ideal resolution of integer ambiguity)
· Source [84] shows:
· For InF-SH scenario:
· SD DL-CPP (Case 1): <1cm @50% and <1cm @80% (with ideal resolution of integer ambiguity)
· Source [85] shows:
· For InF-SH scenario:
· DL-CPP (multiple subcarriers within one PFL) (Case 4-1-1): 0.11m @ 50% and 0.51m @80%
· DL-CPP (Case 4-1-2): 0.3cm @ 50% and 0.21m @ 80%
· For InF-DH scenario:
· DL-CPP (Case 4-2-1):0.33m @50% and 0.66m @ 80%.
· Source [86] shows:
· For InF-SH scenario (100MHz and 50MHz Bandwidth):
· SD DL-CPP (horizontal): <1cm @50% and <1cm @80%
· SD DL-CPP (vertical): <1cm @50% and <1cm @80%
· Source [88] shows:
· For InF-SH scenario (400MHz, FR2)
· SD DL-CPP (Case 1): 0.002cm @50% and <0.005cm @80%
· Source [87] shows:
· For InF-SH scenario (10MHz, @3GHz)
· Round-trip carrier phase with slope: < 1cm @ 50% and <1 cm @ 80%
· For InF-SH scenario (100MHz, @3.5GHz)
· Time domain and perfect phase: < 1cm @ 50% and <1 cm @ 80%
· Time domain and estimated phase: < 1cm @ 50% and ~1 cm @ 80%
· Source [90] shows:
· For InF-SH scenario
· DD UL-CPP: <1cm @50% and 2cm @80%
· NOTE 1: Unless indicated otherwise, the results shown above are for horizontal positioning accuracy with a single carrier of bandwidth of 100MHz in FR1.
· NOTE 2: Evaluation results above are mainly used as examples. Additional results and more details of the evaluation assumptions are provided in Annex B.4.
· NOTE 3: The evaluation results for legacy positioning approach may also be available in each of the sources, or in [2].

The impact of the initial phases of the transmitter and the receiver on NR carrier phase positioning (CPP) is evaluated in the study item. The evaluation results from the sources (e.g., [73], [74], [75], [76], [82]) show that if the impact of the initial phases of the transmitter and the receiver are not mitigated, it is impossible to support centimeter-level positioning accuracy.
The effectiveness of using Double Differential (DD) 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 ([73], [77], [81], [82], [85]) show that the initial phases of the transmitter and the receiver can be removed effectively by the double differential technique with the use of PRU:
….

The impact of the residual CFO at the transmitter and the receiver for NR carrier phase positioning are evaluated during the study item.
· The evaluation results from the sources ([73], [76]) show that the impact of residual CFO on carrier phase positioning is negligible.
· The evaluation results from the source ([75]) show that the impact of the residual CFO on the performance of carrier phase positioning can be mitigated with the use of the double differential technique with a PRU that is located at a fixed location in LOS of the TRP.
· The evaluation results from the source [80] show that the impact of residual CFO on carrier phase measurement is negligible. However, carrier phase positioning accuracy degrades significantly with residual CFO with single differential (SD) DL-CPP:
· With UE residual CFO 30Hz and TRP residual CFO 10Hz, the accuracy drops from 0.0044m to 0.2m @80% and from 0.0014m to 0.0017m@50% in InF-SH.
· With UE residual CFO 100Hz and TRP residual CFO 10Hz, the accuracy drops from 0.0044m to 0.27m @80% and from 0.0014m to 0.0024m@50% in InF-SH.
· The evaluation results from the source [86] show that carrier phase positioning accuracy degrades slightly with residual CFO with DD DL-CPP:
· With maximum residual CFO 30Hz between UE and TRP, the accuracy drops from 0.0010m to 0.0018m @50% and from 0.0046m to 0.0208m @80% in InF-SH.
· With maximum residual CFO 100Hz between UE and TRP, the accuracy drops from 0.0010m to 0.0027m @50% and from 0.0046m to 0.0440m @80% in InF-SH.
· The evaluation results from the source [88] show the impact of Doppler in FR1 at 3kmph is small enough that it has negligible impact on the carrier phase positioning accuracy with DD DL-CPP, in the simulated scenario under the agreed modelling for residual CFO.
NOTE 1: Unless indicated otherwise, the results shown above are for horizontal positioning accuracy with a single carrier of bandwidth of 100MHz in FR1.
NOTE 2: Evaluation results above are mainly used as examples. Additional results and more details of the evaluation assumptions are provided in Annex B.4.







 


