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1. Introduction
[bookmark: _Hlk30969022]The Rel-18 SID on expanded and improved NR positioning [1] includes the RAN1-centric objective of studying solutions for accuracy improvement based on carrier phase measurements. 
In this contribution, we will discuss the issues related with potential phase measurement solutions for NR positioning and evaluation results.
2. DL Carrier Phase Measurement 
In NR, we have specified the timing measurement based and angle-based positioning techniques. In DL-TDOA, UL-TDOA and multi-RTT method, time-based measurement is used to estimate location of UE. In DL-AoD and UL-AoA method, the departure angle or arrival angle of UE with respect to the TRP is used to estimate the location of UE. In theory, the accuracy of time-base measurement is limited by the bandwidth of positioning reference signal. And the performance of angel-based method is limited by the resolution of angles and beams. Rel-18 SID of NR positioning includes the objective of studying phase measurement-based positioning technique. In phase measurement-based method, the receiver can measure the phase of received positioning reference signal and difference between the transmit signal and receive signal is a function of the distance between the TRP and the UE. Given that, the location of UE can be estimated based on the phase measurement of positioning reference signal of multiple TRPs.
[image: ]
Figure 1 Example of phase measurement.
An example of phase measurement-based positioning is shown in Figure 1. Each TRP transmit PRS signal to the UE and the PRS signal can be written as:
 with 
And the UE side, the received PRS signal of each TRP that passes through a given transmission delay is:

where  is the transmission time corresponding to the distance between TRP k and the UE. For each TRP k, the UE can measure the phase of received positioning reference signal:

where   is ambiguity integer wavelength and   is the measurement/estimation error.  With that, the distance between TRP and UE can be estimated as: 


To study the phase measurement-based NR positioning technique, we shall focus on the current DL PRS and UL SRS for positioning, which are supported in NR system. It is not preferred to introduce new reference signal for phase measurement-based positioning. The existing DL PRS resource can be used by the UE to measure phase of DL transmission. For UE-assisted positioning method, the UE can report the phase measurement result to the LMF and the LMF can then estimate the UE location. For UE-based method, the UE can measure the phase of DL PRS resource and then estimate the UE location based on the phase measurement of DL PRS of multiple TRPs and the TRP coordinates. 
It was agreed that the existing PRS and SRS for positioning can be re-used as RS for carrier phase-based positioning. 
	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


One FFS is whether to consider enhancement of existing PRS and SRS for carrier phase. In our view, we do not see any specification-supported enhancement of existing PRS and SRS that could improve the performance of carrier phase measurement. Some enhancements actually belong to system implementation. Thus, we have the following proposal: 
[bookmark: _Hlk118404235]Proposal 1: No enhancement to the existing DL PRS and SRS for positioning. 
System-level simulations were conducted to evaluate the performance of carrier phase measurement for NR positioning for the scenario of InF-SH with the following parameters:
	Parameter
	

	Scenario 
TS 38.857
	InF-SH

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

	Bandwidth, MHz
	100MHz

	Subcarrier spacing, kHz
	30KHz

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

	NR Carrier phase positioning method 
(DL, UL, or DL+UL(RTT))
	DL

	R16/R17 positioning method 
(if it is used together with CPP)
	DL-DToA

	Carrier phase estimation techniques 
	Time-domain estimation

	Differential positioning techniques if used 
(e.g., single differential, double differential, etc.)  
	None

	Integer ambiguity resolution techniques 
	Cost function + estimated ambiguity range

	Multipath mitigation techniques
	First path detection

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

	UE position calculation algorithm 
	Chan

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

	UE/TRP Initial phase offset 
	0

	CFO/Doppler
	0

	Oscillator-drifts
	0

	ARP errors
	0

	Phase Center Offsets
	0

	Phase noise (FR2)
	0

	Additional notes, if any
	



Various methods were evaluated:
· DL-TDoA in InF-SH was evaluated to provide baseline performance.
· Carrier phase measurement-based method with assuming known integer ambiguity: the UE measures the carrier phase of received DL PRS from multiple TRPs. To resolve the issue of integer ambiguity, it is assumed that the integer ambiguity in each carrier phase measurement is known by the LMF. That can be considered as the upper bound of carrier phase measurement for NR positioning. In this method, assume there is no integer ambiguity,
·  Carrier phase measurement + using DL-TDoA to estimate the integer ambiguity: in this method, the LMF can first use the DL-TDoA method and DL RSTD measurement to estimate the integer wavelength of distance between UE and each TRP.
The positioning performance of those methods in InF-SH is illustrated in Figure 2 and summarized in Table 1. 
[image: ]
Figure 2: Performance of carrier phase measurement

The positioning accuracy evaluation results for various carrier phase measurement are summarized in the following Table:
Table 1: NR carrier phase positioning – horizontal accuracy
	Positioning method
	@50%
	@90%

	DL-TDoA
	0.14m
	0.24m

	Carrier phase measurement with assuming zero integer ambiguity
	0.007m
	0.03m

	Carrier phase measurement + DL-TDoA to estimate integer ambiguity
	0.14m
	0.26m


We can make the following observations:
· The performance of carrier phase measurement-based positioning depends on the estimation of integer ambiguity critically.
· Using existing NR positioning (e.g., DL-DToA) to suppress the impact of integer ambiguity does not improve the performance.
· Carrier phase measurement + using DL-DToA to estimate integer ambiguity provide very similar performance as the DL-DToA method.
[bookmark: _Hlk118404244]Observation 1: Integer ambiguity in carrier phase measurement would impair the performance of NR positioning significantly.
Observation 2: Combining carrier phase measurement with DL-TDOA method does not provide better performance than the DL-TDOA method.
To further study the impact of ambiguity and study how/whether to use other positioning method to mitigate the impact of ambiguity, the positioning performance of DL-TDOA was further evaluated and the equivalent integer wavelength of positioning error resulted in DL-DTOA method was studied. The DL-DTOA method has positioning errors and the positioning errors could be more than one wavelength and thus the error can contain integer number of wavelength. The distribution of integer wavelength contained in the positioning error of DL-DTOA method in the scenario of InF-SH is illustrated in Fig. 3. We can observe that with 85% of the positioning error contain one or more wavelength and 57% of the positioning errors contain two or more wavelengths. Thus, if the positioning results of DL-DTOA is used to resolve the integer ambiguity for carrier phase measurement, the integer wavelengths error in DL-DTOA method would be naturally the part of the positioning error in carrier phase measurement. 
[image: ]
Figure 3: distribution of integer wavelength in positioning error of DL-DTOA method 
[bookmark: _Hlk118404250]Observation 3: Using other positioning method to resolve the integer ambiguity could cause error of integer wavelengths.
To evaluate the negative impact of residual integer wavelength in positioning measurement, numerical analysis was conducted. Figure 4 illustrates the negative impact on positioning performance of various residual integer wavelength. We can observe that residual integer wavelength can impair performance drastically.
[image: ]
Figure 4: Impact of integer ambiguity
It was agreed to further study the method of using carrier phase measurement of multiple frequency layers. 
	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


Using measure carrier phase of multiple carrier frequencies can be used to resolve the issue of integer ambiguity. The UE can measure the carrier phase of multiple carrier frequency points:   of one TRP and obtain the carrier phase measurement accordingly: . Given that, we have the following M equations:


…

where d is the distance between the UE and the TRP, c is the light speed and  is the integer ambiguity corresponding to the carrier phase measurement of carrier frequency . Then the carrier phase measurement of multiple frequency points can be used to resolve the issue of integer ambiguity. One method can be to minimize the cost function: 

[bookmark: _Hlk118404260]Proposal 2: Support reporting carrier phase measurement of multiple carrier frequencies to resolve the issue of integer ambiguity.
It was agreed to study the reporting of carrier phase measurement:
	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.


In our view, reporting of carrier phase measurement together with existing positioning measurements can help to solve the issue of integer ambiguity. Please note that the technical difficulty of solving the above minimization problem is that all the s are integer and thus there is no closed form solution to the problem.  One solution is to exhaustively search all the possible values of s to find the optimal values of them that can minimize the above cost function. However, the significant computational complexity might make this approach impractical.
Using carrier phase measurement of multiple carrier frequencies could resolve the issue of integer ambiguity. To reduce the computational complexity of finding the optimal integer values that minimize the cost function, we can combine a legacy positioning method with carrier phase measurement. The legacy positioning method can be first use to estimate the location of UEs, which can be used to determine the range of possible integer values of  , and then an exhaustive search on the determined range of possible values of   to find the optimal values that minimize the cost function.
The method can be summarized as the following steps:
Step 1: the UE measure and reports positioning measurement for legacy timing-based or angle-based method, e.g., DL RSTD, or PRS RSRP or UE Rx-Tx time difference.
Step 2: the UE measures the carrier phase on multiple REs of DL PRS resource. On the REs , the UE measures the carrier phase measurement: . Assume the carrier frequency on RE #0 is  and the subcarrier spacing is . Then for one TRP, the carrier phase measurements have the following equations:


…


 Step 3: the LMF can first estimate the UE location based on the legacy time-based or angle-based positioning method. 
Step 4: According to the UE location estimation in Step 3, the LMF can estimate the integer wavelength corresponding to each frequency .
Step 5: The LMF can estimate the  by minimizing the following cost functions over the value range of :


Simulation was conducted to evaluate the performance of this method. Integer ambiguity = 3 is assumed in the simulation and the proposed method is used to find the optimal value of . Carrier phase measurements of 5 REs with frequency spacing = 25MHz are measured by the UE. The error in estimated distance between TRP and UE is used to evaluate the performance, which is illustrated in Figure 5. We can observe that the proposed method can resolve the issue of integer ambiguity. 


[image: ]
Figure 5: Performance of estimating integer ambiguity 
Therefore, we propose that the UE measures the carrier phase of multiple frequencies and report the carrier phase measurement of multiple frequencies along with the positioning measurement results of other NR positioning method.
Proposal 3: Support to report carrier phase measurement together with existing positioning measurement.
Another potential phase measurement for positioning is the UE can measure the relative phase between the PRS signal transmitted from different TRP Tx antennas. The relative phase can be used to calculate the angle of departure of the UE and then the system can estimate the UE location based on that.   Consider an example shown in Figure 3. The distance between TRP antennas is . Assume the relative phase between TRP antennas is . Then the angle of departure of the UE with respect to the TRP can be calculated as:



Figure 6: phase measurement of Antenna Ports
Therefore, the relative phase measurement between TRP antenna ports can be used to enhance the performance of DL-AoD positioning technique.  
[bookmark: _Hlk118404503]Proposal 4: Support measuring and reporting the carrier phase difference of different Tx antenna ports of TRP for positioning.
UL Carrier Phase Measurement
It was agreed to consider carrier phase measurement from SRS:
	[bookmark: _Hlk117711560]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.


The carrier phase measurement of uplink positioning signal can also be used to enhance NR positioning. Similarly, the TRP can measure the carrier phase from SRS for positioning:

where   is ambiguity integer wavelength and   is the measurement error.  With that, the distance between TRP and UE can be estimated as: 

Similar to the carrier phase measurement of DL PRS, the carrier phase measurement of UL also has the issue of ambiguity integer. To resolve the issue, the TRP can measure and report the carrier phase measurement of multiple frequency points of SRS for positioning and the TRP can also measure and report the positioning measurement of legacy UL positioning methods, e.g., UL RTOA or UL-AoA measurement. The LMF can the use the legacy timing-based or angle-based method to obtain the coarse estimation of value N and then find the optimal value of N through exhaustive searching on the estimated range of N.
Similarly, the UL method can be summarized as the following steps:
Step 1: the TRP measure and reports positioning measurement of legacy positioning method, UL RTOA, or UL AoA or gNB Rx-Tx time difference.
Step 2: the TRP measures the carrier phase on multiple REs of SRS resource for positioning. On the REs , the TRP measures the carrier phase measurement: . Assume the carrier frequency on RE #0 is  and the subcarrier spacing is . Then for one UE, the carrier phase measurements have the following equations:


…


 Step 3: the LMF can first estimate the UE location based on the legacy positioning method. 
Step 4: According to the UE location estimation in Step 3, the LMF can estimate the integer wavelength corresponding to each frequency .
Step 5: The LMF can estimate the  by minimizing the following cost functions over the value range of :


[bookmark: _Hlk118404580]Proposal 5: The TRP measures and reports carrier phase of multiple REs in SRS for positioning 
Proposal 6: The TRP reports the carrier phase measurement together with existing positioning measurement.
3. Conclusions
In this contribution, we present our views on phase measurement for NR positioning and the following proposals are made:
Proposal 1: No enhancement to the existing DL PRS and SRS for positioning. 
Observation 1: Integer ambiguity in carrier phase measurement would impair the performance of NR positioning significantly.
Observation 2: Combining carrier phase measurement with DL-TDOA method does not provide better performance than the DL-TDOA method.
Observation 3: Using other positioning method to resolve the integer ambiguity could cause error of integer wavelengths.
Proposal 2: Support reporting carrier phase measurement of multiple carrier frequencies to resolve the issue of integer ambiguity.
Proposal 3: Support to report carrier phase measurement together with existing positioning measurement.
Proposal 4: Support measuring and reporting the carrier phase difference of different Tx antenna ports of TRP for positioning.
Proposal 5: The TRP measures and reports carrier phase of multiple REs in SRS for positioning 
Proposal 6: The TRP reports the carrier phase measurement together with existing positioning measurement.
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