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1. Introduction 
In RAN#98 meeting a work item on Expanded and Improved NR Positioning was approved [1]. For positioning accuracy improvement, it was agreed to specify physical layer measurements and signalling to support NR DL and UL carrier phase positioning as follow: 
	· Specify physical layer measurements and signalling to support NR DL and UL carrier phase positioning for UE-based, UE-assisted, and NG-RAN node assisted positioning [RAN1, RAN2, RAN3, RAN4].
· Existing DL PRS and UL SRS for positioning are used for NR carrier phase measurements.
· Specify measurements that are limited to a single carrier/PFL. 
· Specify corresponding new core requirements, as well as identifying and specifying the impact on the existing RAN4 specification, including RRM measurements without measurement gaps in connected and inactive mode (including PRS measurement period/reporting) and procedures [RAN4].


In this contribution, we discuss issues for supporting NR DL and UL carrier phase positioning.

2. Discussion
Consideration of the initial phase error 
According to the TR[2], it was observed that initial phase error impacts the positioning accuracy of CPP. Since the CPP is a positioning method that uses phase measurement of the carrier frequency for achieving cm-level accuracy, potential methods for mitigating initial phase error should be discussed carefully. One of the potential methods that has been verified to be useful for eliminating initial phase error is single/double differential technique. At least for eliminating initial phase error of the receiver, reporting RSPD (Received Signal Phase Difference) measurement which can be obtained by subtracting a phase measurement of the target TRP from a phase measurement of reference TRP can be considered. It should be noted that initial phase error of the receiver can be eliminated only when same initial phase error for the pair of phase measurements for a RSPD measurement can be assumed. For example, if the time gap between PRS receptions for RSPD measurement is small enough such that UE can receive them simultaneously at single attempt, same initial phase error of the receiver can be assumed. On the contrary, if the RSPD is calculated using phase measurements from different attempt and phase continuity between attempts cannot be assumed, then there is no guarantee that initial phase error of the receiver is eliminated in RSPD measurement.


Figure 1

Observation 1: To eliminate initial phase error of the receiver in RSPD measurement, it is necessary to measure a pair of phase measurements that same initial phase error of the receiver can be assumed.

In general, it can be assumed that a TRP have multiple antennas/panels. Hence it may require to consider the case where different PRS resources of a TRP are transmitted using different antennas or panels. In this case, different initial phase error of the transmitter may occur for different PRS resources even when they are transmitted at same time instance. In Rel-17, TRP Tx TEG was introduced to relax the negative impact due to the undesired timing error differences between PRS resources. Likewise, it may be useful to introduce methods for the same Tx phase error assumption to improve positioning accuracy of CPP. Moreover, detail information on initial phase error of the transmitter would be useful for utilizing PRU assisted CPP. In the same manner, difference in the initial phase error of the receiver between different receive antennas of a UE shall also be considered. 
Observation 2: Differences in the initial phase error of the transmitter/receiver from phase measurements between different antennas/panels would degrade the positioning accuracy of CPP. 
Proposal 1: Consider methods for eliminating initial phase error of the transmitter/receiver, including 
· Assistance data or measurement report which convey information on phase error (e.g. PEG)
· RSPD measurement condition


Figure 2

Phase continuity 
During the study item phase, carrier phase measurement with single time instance was investigated. In general, positioning measurement with single sample is beneficial from latency reduction perspective. Meanwhile, it is common understanding that utilizing multiple samples for a positioning measurement can bring higher accuracy than a positioning measurement with single sample. Since the CPP is a positioning method that targets higher accuracy, it would be useful to consider supporting phase measurements with multiple samples likes other positioning methods. However, as pointed out in a previous section, if there are differences in initial phase error between samples, it would be hard to take advantage of it. Also, initial phase error between measured phase value may different to each other when phase continuity cannot be assumed during the duration between time instance where phase values are measured. 
From these perspectives, whether and how to support phase continuity duration for PRS/SRS transmission and reception needs to be discussed for CPP. Note that similar concept for phase continuity was introduced for UL coverage enhancement in Rel-17.
Proposal 2: Study and specify the potential solution for UE/gNB to assume phase continuity for a duration.

Carrier frequency for phase measurement 
In order to represent distance using a phase value, information about carrier frequency that is used for measuring phase value is necessary. In the case of UE assisted positioning, the LMF have to know information about the carrier frequency that is used by the UE for phase measurements. When UE performs carrier phase measurements with measurement gap, since the UE can measure the entire PFL, a method of determining the carrier frequency based on PFL configuration parameters can be used. For example, center frequency of a PFL can be used as a carrier frequency for the phase measurement, and it requires no signaling or reporting. 
On the other hand, in the case of the phase measurement without MG, the range of frequency domain resources in which phase measurement can be performed is limited to the range of DL active BWP. There could be a situation that determined carrier frequency using a predefined rule with PFL configuration parameters is not valid. Hence, method for determining of carrier frequency for phase measurement without MG needs to be specified. 
Proposal 3: Discuss method for determining the carrier frequency for phase measurements, including details about signaling and reporting.

Integer ambiguity
According to the RAN1 studies so far, it can be expected that performance of CPM based positioning schemes will greatly impacted by the performance of the integer ambiguity resolution. To resolve the integer ambiguity problem, several potential methods can be considered. 
One possible way to resolve the integer ambiguity is to use coarsely determined UE location which is estimated by utilizing other positioning method. For example, taking advantage of well-known timing based positioning methods, which are ToA and TDoA schemes, can be considered. To take advantage of the timing based positioning method, UE needs to report both phase measurement and timing measurement for UE assisted positioning method. 
Alternatively, the phase differences between subcarriers in frequency domain could also be considered. The phase difference between subcarriers can represent propagation delay between a TRP and the UE. In principle, it represents similar measure with ToA. But it should be noted that impact of the common phase error factors, including initial phase error, can be eliminated with the phase differences between subcarriers measurement, while it cannot be guaranteed with existing ToA definition. 
Another approach that can be considered for resolving integer ambiguity, is UE to measure and report integer values by itself. This method would be useful from location server’s point of view, as it can improve positioning accuracy if the reported integer values are accurate while easing the computational complexity of the location server. However, it requires UE to perform precise estimation of the propagation delay. 
Proposal 4: To resolve integer ambiguity, at least consider utilizing other positioning measurements. (e.g. TDOA, TOA, or phase differences between subcarriers). 

Multipath
Like other positioning techniques, positioning using carrier phase measurements is also sensitive to multipath. One of the main differences between carrier phase measurement in GPS/GNSS and in NR is the location of the transmitter. In NR, it is very likely to have higher multipath probability compared to GPS/GNSS since it is terrestrial network, which makes the LoS path estimation more important. Since the carrier phase measurement is based on the estimation of distance between transmitter and receiver, the path for estimation should be selected very carefully to ensure it is LoS path. Otherwise, the performance of carrier phase measurement in NR will be limited even with phase can be measured with high accuracy
In Rel-18 TR[2], several techniques to mitigate multipath impact are recommended to be introduced during normative work, and following candidate solutions can be considered as a starting point of RAN1 discussion:   
· 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 (reusing existing Rel-17 indicator) 
· Reporting other channel information together with carrier phase measurements (e.g. RSRP/RSRPP) 

Proposal 5: Study and specify the multipath mitigation methods including following candidates: 
· 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 (reusing existing Rel-17 indicator) 
· Reporting other channel information together with carrier phase measurements (e.g. RSRP/RSRPP) 
3. Evaluation results 
To check the feasibility and limitations of the CPP in the single-observation, single carrier mode, simulations were made for the TDoA-based setup in the InF-SH scenario. 
The basic assumptions are:
· Distance-differences (DDs) between UE and APs are measured in the baseband with the MUSIC algorithms for every pair of stations, fractional carrier-phase differences are estimates via subcarrier-phase approximation algorithm.
· It is assumed that all APs are synchronized using the PRUs with the smart LOS placement. Carrier phases between APs are calibrated with the same accuracy as phase difference estimation.
· Modified TDoA Chan algorithm with selection of the several AP subsets and weighting-based on residuals is used for initial position estimation.
· Cost function of the brute search for IAR is based both on the TDoA residuals and on the min mutual distances between point clouds

Formal simulation assumptions are summarized in Table 1.
[bookmark: _Ref127278943]Table 1 Simulation assumptions
	Channel model 
	TS 38.901
InF-SH

	Single carrier frequency, or multiple carrier frequencies, GHz
	3.5 GHz

	Bandwidth, MHz
	100,50,20 MHz

	Subcarrier spacing, kHz
	30 kHz

	RS signal descriptions
(PRS or posSRS, Number of OFDM simbles, Comb size)
	DL PRS 2-2

	Positioning method
	TDoA / MUSIC

	Carrier phase estimation techniques 
(time-domain, freq-domain, references)
	Frequency domain

	Single-measurement instance CPP, or multiple measurement instances CPP
	Single

	UE position calculation algorithm (e.g. Least squares, Taylor series, …)
	Chan

	Network synchronization assumption (e.g., 0ns, 10ns, ..)
	0ns

	UE/TRP Initial phase offset 
	Ideal

	CFO/Doppler
	None

	Phase Center Offsets
	Ideal
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[bookmark: _Ref127280799]Figure 3 CPP accuracy

[bookmark: _Ref127280806]Table 2 CPP accuracy for different BW
	Mode 
	BW
	50%
	67%
	80%
	90%

	CPP XY
	20
	0.346
	0.593
	0.952
	1.69

	
	50
	0.0013
	0.003
	0.009
	0.198

	
	100
	0.001
	0.002
	0.005
	0.049

	CPP Z
	20
	0.60
	1.13
	1.49
	2.3

	
	50
	0.0074
	0.016
	0.039
	0.245

	
	100
	0.006
	0.012
	0.026
	0.117

	Baseband
	20
	0.379
	0.594
	0.907
	1.463

	
	50
	0.063
	0.099
	0.152
	0.249

	
	100
	0.031
	0.052
	0.083
	0.146






Also it is interesting to check the dependence of the pure fractional part (carrier phase estimation) error from the signal BW. CDF is plotted only for the “best” links that are selected for future CPP processing, so NLOS or low-Kfactor links are discarded from the statistics.
Figure 4 shows that the difference in accuracy between 20MHz and 100 MHz signals is not very large, so the main factor that affects CPP accuracy (IAR success) is the accuracy of the initial point – and search area size.
[image: ]
[bookmark: _Ref127282332]Figure 4 Carrier phase estimation error

[bookmark: _GoBack]Additional improvement in integer wavelength ambiguity resolution can be done by employing several carrier frequencies, observation over different time epochs and using multiple transmitters (and receivers, for double differencing). All these approaches are used in the existing GPS systems. 
Observation 3: The main limit of the CPP accuracy is the integer ambiguity performance. 
Observation 4: Although accuracy the carrier-phase mode (with successful resolution of the ambiguity) does not significantly depends on signal BW, the probability of successful resolution strongly depends on the BW, due to dependence of the initial coarse estimate and better resolution on the multipath components.


4. Conclusion
In this contribution, we discussed on potential enhancements on OFDM based carrier phase measurement in NR. From the discussion, we obtained following proposals and observations: 
Observation 1: To eliminate initial phase error of the receiver in RSPD measurement, it is necessary to measure a pair of phase measurements that same initial phase error of the receiver can be assumed.
Observation 2: Differences in the initial phase error of the transmitter/receiver from phase measurements between different antennas/panels would degrade the positioning accuracy of CPP. 
Observation 3: The main limit of the CPP accuracy is the integer ambiguity performance. 
Observation 4: Although accuracy the carrier-phase mode (with successful resolution of the ambiguity) does not significantly depends on signal BW, the probability of successful resolution strongly depends on the BW, due to dependence of the initial coarse estimate and better resolution on the multipath components.

Proposal 1: Consider methods for eliminating initial phase error of the transmitter/receiver, including 
· Assistance data or measurement report which convey information on phase error (e.g. PEG)
· RSPD measurement condition
Proposal 2: Study and specify the potential solution for UE/gNB to assume phase continuity for a duration.
Proposal 3: Discuss method for determining the carrier frequency for phase measurements, including details about signaling and reporting.
Proposal 4: To resolve integer ambiguity, at least consider utilizing other positioning measurements. (e.g. TDOA, TOA, or phase differences between subcarriers). 
Proposal 5: Study and specify the multipath mitigation methods including following candidates: 
· 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 (reusing existing Rel-17 indicator) 
· Reporting other channel information together with carrier phase measurements (e.g. RSRP/RSRPP) 
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