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1 Introduction
[bookmark: _Hlk101973456][bookmark: _Hlk101171169]The Rel-18 Positioning Study Item RP-213588 [1] includes the following:  
	Regarding higher accuracy, two promising techniques identified in earlier studies will be considered in Rel-18: one is to take the advantage of the rich 5G spectrum to increase the bandwidth for the transmission and reception of the positioning reference signals based on PRS/SRS bandwidth aggregation for intra-band carriers, and the other is to use the NR carrier phase measurements. GNSS carrier phase positioning has been used very successfully for centimetre-level positioning but is limited to outdoor applications. NR carrier phase positioning has the potential for significant performance improvements for indoor and outdoor deployments in comparison with the existing NR positioning methods, as well as shorter latency and lower UE power consumption in comparison with RTK-GNSS outdoors.
· 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




At the last meeting RAN1#110, the following agreements were made regarding carrier phase: 
	
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:
0. Initial Residual CFO (is the same for one measurement instances [or multiple phase measurement instances]):
0. Ideal: 0 (UE/TRP)
0. Practical: uniform distribution within 
0. [-30, +30] Hz (FR1, UE), [-100, +100] Hz (FR1, UE), 
0. [-120, +120] Hz (FR2, UE), [-400, +400] Hz (FR2, UE),
0. [-10, +10] Hz (for each TRP, FR1),
0. [-40, +40] Hz (for each TRP, FR2).
0. Oscillator-drift (is the same for one or multiple phase measurement instances for positioning fix):
1. Ideal: 0 (UE/TRP)
1. Practical: uniform distribution within [-0.1, 0.1] ppm (UE), [-0.02, +0.02] ppm (each TRP) within measurement duration
1. Note: The Doppler frequency can be determined based on the UE speed in the evaluation assumption.


Agreement
[bookmark: _Hlk115301162]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: 
1. Ideal: no ARP error
1. 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
Agreement
In the evaluation of NR carrier phase positioning, the following the UE/TRP antenna phase center offset (PCO) model can be considered as the starting point: 

dPCO =  a * dPhi + w							
			where	
· a is the scale factor, a=[0, 1, 3]
· FFS: other values
· dPhi is the direction difference (in degrees):
· Example 1, dPhi is the difference between the true and the calculated (or measured) directions between a transmitter (UE/TRP) and a receiver (TRP/UE).
· Example 2: dPhi is the direction difference between one UE to two TRPs, or between one TRP to two UEs.
· w is 0 or a random variable uniformly distributed within [-2, +2], or [-5, +5], or [-X, +X] degrees
· FFS: value of X or left up to companies
· Note: the above model is valid only when absolute value of dPhi < Y degrees
· FFS: value of Y or left up to companies


Agreement
[bookmark: _Hlk115301225]For the evaluation of NR carrier phase positioning, UE position can be calculated by the use of the carrier phase measurements obtained at the M sequential time instances, where 
1. Baseline: 
2. M=1
1. Optional : 
3. M=4
3. Other values of M 
1. Companies should report their assumptions on UE mobility (e.g. speed)


Agreement
Further evaluate the following multipath mitigation methods for the carrier phase positioning, which include, but are not limited to, the following:
· The methods of estimating the carrier phase of the first path
· Note: Both time-domain and frequency-domain methods can be considered
· LOS/NLOS/ Multi-path indication for the carrier phase measurements for improving the accuracy of the position calculation
· Rel-17 LOS/NLOS indicator can be used as the starting point
· measurements of the first path and additional paths
· E.g. carrier phase measurements, timing measurements
· other channel information, such as RSRP/RSRPP, CIR/CFR, etc.
· 

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





At the previous meeting RAN1#109-e, the following agreements were made regarding carrier phase: 
	
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.





In this paper, we present our views and further simulation results on carrier-phase positioning. 
2 Carrier phase in NR
2.1 Evaluation of impacts of phase errors based on RAN1#110- agreed modelling
We present results both in FR1 and FR2 with the following assumptions:
1) Offset between the initial phase of the transmitter and the initial phase of the receiver is modeled as a random variable uniformly distributed within [0, X], with X=2π. We use the double-differential scheme (using a PRU) to eliminate the impact of this initial phase offset.
2) UE position is calculated by the use of the carrier phase measurements obtained from measuring PRS transmissions in a single time instance, i.e., a single PRS occasion (M=1, agreed as baseline)
3) Regarding the agreement on practical oscillator drift modelling as uniform distribution within [-0.1, 0.1] ppm (UE), [-0.02, +0.02] ppm (each TRP) within measurement duration, we observe that this agreement has some ambiguity in that there is no precise definition of ‘measurement duration’: It could refer to (a) the minimum time span containing all PRS resources in a single PRS occasion, or (b) a PRS occasion duration, or (c) M successive PRS occasion durations (in the case when measurements at M sequential time instances are used). Note that if multiple values of M are considered, then whatever the true underlying drift behavior, modeling the drift rate to be a function of M does not make sense, since M is a receiver processing choice which cannot influence the underlying drift. We propose to clarify the assumption at this meeting.
4) We use InF channel, with UE speed of 3kmph, and PRS BW of 100MHz in FR1 and 400MHz in FR2. 
5) We use the phase of the first detected path as the channel phase measurement, and we use brute-force integer-ambiguity-resolution (IAR) as described in our previous contribution [2]
6) For FR2, we assume an estimator for the Doppler along the LOS direction, and model the error in this estimate as a truncated gaussian with range (-2D, 2D) for different values of D.
Proposal 1: Clarify the definition of measurement duration for oscillator drift modeling
2.2 Impact of Doppler

[image: ]
Figure 1: Carrier phase positioning accuracy in InF-SH FR2 (28GHz) , 400MHz BW, 3kmph, Rel-17 antenna panel assumption, PRS occasion spanning 54 symbols
Figure 1 shows that as expected, the performance degrades as a function of the parameter D of the truncated Gaussian distribution with range [-2D, 2D] used to model the error in the Doppler frequency estimation. It also shows that there is accuracy gain upto D=16 Hz for percentiles below 90th percentile. The result is shown only for FR2. In FR1, the worst case error from the uncompensated doppler is only 3.5 degrees, or 0.83 millimeters, whereas the positioning error (as shown in the rest of the contribution, e.g. Figure 2) is often larger than 1mm at around the 10th percentile itself, so this impact was not simulated. Note that if the time-span of the PRS measured (within an occasion for single-occasion measurements, or across occasions for multi-occasion measurements) increases, this conclusion could change and the Doppler could show non-negligible impact.
2.3 Impact of residual CFO
[image: Chart
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Figure 2: Carrier phase positioning accuracy in InF-SH FR1 (3.5 GHz) as a function of residual CFO
[image: ]
Figure 3: Carrier phase positioning in FR2 as a function of residual CFO.

Figures 2 & 3 show that as expected, the performance degrades as residual CFO increases. 
2.4 Impact of Antenna phase response 
[image: Chart
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Figure 4: Carrier phase positioning accuracy in FR1 with imperfect PCV characterization and PCV compensation

[image: ]
Figure 5: Carrier phase positioning accuracy in FR2 due to imperfect angle estimation and imperfect PCV characterization 
Figures 4 & 5 show that both imperfect angle estimation and imperfect PCV characterization could degrades the positioning accuracy. Among these two, the imperfect angle estimation slop rate a has less accuracy impact. This is because the calculated direction is relatively accurate using initial coarse UE location estimation, then a * dPhi is small enough to show any impact. On the other hand, w has more noticeable impact in Figures 4 & 5.


2.5 Impact of ARP location errors
[image: Chart

Description automatically generated]Figure 6: Carrier phase positioning accuracy in FR1 as a function of PRU location error (TRP Location is assumed genie in this plot). 

[image: ]
Figure 7: Carrier phase positioning accuracy in FR2 as a function of PRU location error
Figures 6 & 7 show that the accuracy degrades as a function of the PRU location error. One observation from Figure 7 is that the positioning accuracy is worse than the DD-TDOA baseline, where the PRU location error may be comparable to the FR2 wavelength. It could cause larger residual errors after the double difference scheme, which leads to the failure of integer ambiguity seatch. To achieve better accuracy using carrier phase, the ARP location accuracy should be better than the DD-TDOA baseline.    


2.6 Impact of Combined Errors
[image: Chart, line chart
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Figure 8: Carrier phase positioning accuracy in FR1 with residual CFO, PCO modeling, PRU Location Error
Figures 8 shows the carrier phase positioning accuracy with all the error sources. The carrier phase based positioning shows some gains at the lower percentiles. There are no gains above the 60th percentile.     
3 Phase-Difference AoD: PDOA
The following agreement was made during NR Rel-17 WI: 

	Agreement:
· For both UE-based and UE-assisted DL-AOD study the following enhancements that enable the UE to measure and report (for UE-assisted) information related to the first arriving path
· Option 1: Information corresponds to PRS-RSRP of the first arriving path
· Option 2: Information corresponds to the angle of departure of the first arriving path
· Option 3: Information corresponds to the arrival time of the first path
· Option 4: Information corresponds to phase of the CIR corresponding to the first arriving path
· Option 5: Information corresponds to received signal value (amplitude and phase of the channel estimated from the first path which can be achieved as a combination of option 1 and option 4) of the first arriving path
· FFS: Reporting of additional path to the first arriving path.
· FFS: Measurement definition details
· FFS: additional assistance data to support these enhancements
· FFS: how the “first path” is selected among PRS resources in a PRS resource set  
· Note 1: Supporting multiple options as well as none of the options above is not precluded.



A phase-difference based DL-AoD would correspond to the following method: The transmitting device sends multiple PRS resources, each PRS resource via each of the physical antennas. As each PRS from the antennas in the array arrives at the receiver’s single antenna, it is phase shifted from the previous PRS due to the different distance it has traveled from the transmitter as shown graphically in the figure below. In the simple scenario shown in the figure below, one can estimate the angle of departure by measuring the phase difference between the PRS resources using a simple formula.
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In such a method, there is no need to know what are the beam responses of the PRS resources. The receiver is only required to know the mapping of the PRS resources into the physical antennas, along with the antenna (e.g., ULA, UPA, single or multi-panel) configuration of the TRP and the relative distance of the antennas (the dH and dV parameters, as usually referred to in the 38.901 specification). It deserves to be noted that such a method is being employed already by competing technologies (e.g., Bluetooth ).

For the purpose of evaluating the gains of Phase-Difference based DL-AoD over the NR Rel-17 RSRPP-based DL-AoD, we perform an evaluation in the InF-SH scenario at 700 MHz with 20 MHz Redcap device. The results are shown in the following graphs. We observe that a performance of 1m at 80% in the InF-SH scenario, with 20 MHz, is achievable with Phase-Difference DL-AoD, whereas the legacy RSRPP-based DL-AoD, with 2 or 4 Tx beams achieve 5 and 2.2 m respectively.
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Observation 1: Phase-Difference-based AoD is a positioning method that demonstrates performance gains in scenarios with small number of Tx beams at the transmitter side (e.g. FDD scenarios)
· A performance of 1m at 80% in the InF-SH scenario, with 20 MHz, is achievable with Phase-Difference DL-AoD, whereas the legacy RSRPP-based DL-AoD, with 2 or 4 Tx beams achieve 5 and 2.2 m respectively

Proposal 1: Clarify the definition of measurement duration for oscillator drift modeling
Proposal 2: Study supporting Phase-Difference AoD. 
4 Conclusions 
In this paper, we have presented updated simulation results based on modeling of errors in carrier phase measurement as agreed in RAN1#110. We make the observation and proposal: 

Observation 1: Phase-Difference-based AoD is a positioning method that demonstrates performance gains in scenarios with small number of Tx beams at the transmitter side (e.g. FDD scenarios)
· A performance of 1m at 80% in the InF-SH scenario, with 20 MHz, is achievable with Phase-Difference DL-AoD, whereas the legacy RSRPP-based DL-AoD, with 2 or 4 Tx beams achieve 5 and 2.2 m respectively

Proposal 1: Clarify the definition of measurement duration for oscillator drift modeling
Proposal 2: Study supporting Phase-Difference AoD. 
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InF-SH, 100 MHz, FR1, UE Rx Residual CFO Simulations
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InF-SH, 100 MHz, FR1, CPO Simulations
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InF-SH, 100 MHz, PRU Location Error Modeling with T1 = [1,5] cm
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InF-SH, 700 Mhz, Phase-Difference DL-AOD, 20 MHz
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