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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-bis, the following agreements were made regarding carrier phase: 


	
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.


R1-2210268	FL Summary #2 for improved accuracy based on NR carrier phase measurements	Moderator (CATT)

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.

R1-2210269	FL Summary #3 for improved accuracy based on NR carrier phase measurements	Moderator (CATT)

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. 

[bookmark: _Hlk117170400]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.






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-agreed modelling
We present results both in FR1 and FR2 with the following assumptions:
1) Initial phases of the transmitter and the receiver are modeled as independent random variables uniformly distributed within [0, 2π]. We use the double-differential scheme (using a PRU) to eliminate the impact of these initial phases.
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) We use InF channel, with UE speed of 3kmph, and PRS BW of 100MHz in FR1 and 400MHz in FR2. 
4) 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]
5) 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.
6) PRU deployment: We select 20 of the UEs dropped within the layout to serve as PRUs for all the other UEs.  
a. For FR1 evaluations, the nearest PRU is selected to serve the target UE.
b. For all FR2 evaluations except for the study of TRP location error impact, we select the PRU based on the number of common LOS links with the target UE being positioned. 
c. In the study of TRP location error impact, we have a different assumption, which is explained in detail later.
7) Non-carrier phase baseline: Unlike in Rel-16 and Rel-17, there is no explicit target from SA1 for new performance requirements specific to carrier phase. Hence, we believe that the right way to assess the gains from carrier phase are to compare it to legacy (Rel-16/Rel-17) positioning methods. We use timing-based legacy techniques for this comparison - multi-RTT in FR1 and double-difference TDOA (DD-TDOA) in FR2. Many of the error sources impacting the phase measurement – such as doppler and CFO error – do not have any impacts on these legacy techniques, and are not modelled for the legacy performance. Exceptions will be noted when applicable.

2.1.1 Carrier phase baseline in the ideal case 
[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

2.2 Impact of Doppler
[image: ]
Figure 2: Carrier phase positioning accuracy in InF-SH FR2 (28GHz), 400MHz BW, 3kmph, Rel-17 antenna panel assumption, PRS occasion spanning 54 symbols
Figure 2 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 and frequency drift
[image: Chart
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Figure 3: Carrier phase positioning accuracy in InF-SH FR1 (3.5 GHz) as a function of residual CFO
[image: ]
Figure 4: Carrier phase positioning in FR2 as a function of residual CFO.

Figures 3 & 4 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 5: Carrier phase positioning accuracy in FR1 due to imperfect angle estimation for PCV compensation, and imperfect PCV characterization, causing phase error α *dPhi + X
[image: ]
Figure 6: Carrier phase positioning accuracy in FR2 due to imperfect angle estimation for PCV compensation, and imperfect PCV characterization, causing phase error α *dPhi + ω
Figures 5 & 6 show that both imperfect angle estimation and imperfect PCV characterization could degrade 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, hence a * dPhi is small enough to show negligible impact. On the other hand, w has more noticeable impact in Figures 5 & 6. Note that to be able to compensate the PCV, we need the angle of arrival/departure to be estimated relative to the antenna array (at the TRP and the UE). The angle as estimated from the coarse UE location is in the GCS. So, we have assumed perfect GCS-to-LCS mapping in this result. 
2.5 Impact of ARP location errors
2.5.1 Impact of PRU location error
[image: Chart

Description automatically generated]Figure 7: Carrier phase positioning accuracy in FR1 as a function of PRU location error (TRP Location is assumed to be perfectly accuracy in this plot). 

[image: ]
Figure 8: Carrier phase positioning accuracy in FR2 as a function of PRU location error parameter T in meters (TRP Location is assumed to be perfectly accurate in this plot). 
Figures 7 & 8 show that the accuracy degrades as a function of the PRU location error. Note that the FR2 DD-TDOA baseline also uses PRUs, and the PRU location error is modeled for this baseline as well. One observation from Figure 8 is that the positioning accuracy is worse than the DD-TDOA baseline, where the PRU location error may be comparable to or even larger than the FR2 wavelength. To achieve better accuracy using carrier phase, the PRU location accuracy should be better than that required by the DD-TDOA baseline.
To show the impact of PRU location error on IAR, we provide following integer ambiguity search results in Table 1.  We use the brute-force search based IAR algorithm described in [2] and provide both the genie integer ambiguity offsets & estimated interger ambiguity offsets of IAR output based on 4 DD-carrier phase measurements. The search region of brute-force IAR is bounded within [-4,4] integer ambiguity around the initial coarse non-carrier-phase location estimate, in each of these 4 measurements. In order to model the PRU location error, we add a deterministic error U to the x and y coordinate of the PRU, instead of the truncated Gaussian noise as agreed in the previous meeting. We select three UEs at 10%, 50% and 80% in the CDF to demonstrate the impact. 
Since the U parameter also impacts the baseline DD-TDOA result, it is conceivable that the initial coarse estimate would also deviate from the true estimate, and the IAR search-space would no longer be centered around the true location of the UE. However, the genie ambiguity in the table shows that the true location is still well within the IAR search-space even if it may not be exactly at its center. However the errors in PRU location cause errors in evaluating the metric used to decide the IAR result, so that the IAR may take other integer offsets as the best selection. This is more noticeable when U >=0.001m.  
Table 1 Comparison between genie and estimated 4-dimensional integer ambiguity in FR2
	 
	UE1 at 10%
	UE2 at 50%
	UE3 at 80%

	 
	Genie 
	Estimated
	Genie 
	Estimated
	Genie 
	Estimated

	U = 0
	0
	0
	-1
	-1
	-1
	-1

	
	0
	0
	-1
	-1
	-2
	-2

	
	1
	1
	0
	0
	-2
	-2

	
	0
	0
	2
	2
	0
	0

	U=0.0001
	1
	1
	-1
	-1
	-2
	-1

	
	1
	1
	-1
	-1
	-2
	0

	
	0
	0
	0
	0
	-1
	-1

	
	0
	0
	2
	2
	-1
	-4

	U=0.0002
	0
	0
	-1
	-1
	-2
	-2

	
	1
	1
	-1
	-1
	-2
	3

	
	1
	1
	0
	0
	-1
	-2

	
	0
	0
	2
	2
	0
	4

	U=0.0004
	0
	0
	-1
	-1
	-2
	1

	
	0
	0
	-1
	-1
	-2
	-1

	
	1
	1
	0
	0
	-1
	0

	
	0
	0
	2
	2
	0
	2

	U=0.0008
	0
	0
	-1
	0
	-2
	2

	
	0
	0
	-2
	2
	-1
	1

	
	0
	0
	0
	4
	-2
	2

	
	0
	0
	2
	1
	0
	0

	U=0.001
	0
	0
	-1
	-3
	-2
	-2

	
	1
	1
	-2
	-1
	-2
	1

	
	0
	0
	2
	-1
	-2
	0

	
	0
	0
	2
	-1
	0
	-2

	U=0.002
	-1
	2
	-2
	-3
	-2
	-1

	
	0
	-2
	0
	-4
	-2
	1

	
	-1
	3
	1
	-1
	-1
	4

	
	-1
	-4
	2
	1
	0
	-3

	U=0.004
	-1
	-3
	-1
	-2
	1
	-4

	
	-1
	-4
	-2
	-1
	1
	1

	
	0
	4
	0
	2
	0
	-3

	
	0
	-1
	2
	-1
	1
	-1

	U=0.008
	-1
	4
	-1
	-2
	0
	-3

	
	0
	-4
	-1
	-4
	2
	-1

	
	0
	0
	0
	1
	1
	3

	
	0
	-4
	3
	4
	2
	-3

	T=0.01
	-1
	4
	-1
	2
	-1
	-3

	
	-1
	0
	0
	-4
	2
	-2

	
	-1
	-3
	1
	-4
	2
	-4

	
	-1
	4
	3
	4
	2
	2



2.5.2 Impact of TRP location error
In the following result, we assume no PRU location error, and TRP location errors T follows the distribution agreed in the previous meetings. This applies to both the legacy DD-TDOA result and the carrier phase result. Also, for the case of FR2 carrier phase positioning, to model the impact of PRU-UE density, we randomly drop the PRU within the proximity of the target UE. The distance between PRU and UE follows a truncated Gaussian distribution with zero mean and standard deviation of R truncated to 2R.
[image: Chart, line chart
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Figure 9: Carrier phase positioning accuracy in FR1 with TRP location error


[image: ]
Figure 10: Impact of TRP location error as a function of PRU-UE distance in FR2
Figure 9 & 10 show the impact of TRP location error. Similar to the PRU location error evaluation results (Section 2.5.1), TRP location error also in general deteriorates the positioning accuracy. However, in this case, due to the use of PRU, whose location is assumed to be perfectly known here, there is a possibility that the double-differencing removes the impact of TRP location error. To see an illustration of this, consider the case when the target UE and PRU are exactly at the same location, equidistant from two TRPs, as in the figure below. When positioning the target UE, the incorrect TRP location and the incorrect RTD (caused due to the incorrect TRP location) cancel each other out exactly, so that the UE gets correctly located on the line equidistant from both the TRPs. The ‘cancelling out’ gets less exact if the PRU location is moved away from the target UE location.
UE:  Measures RSTD=0.
Without PRU, locates itself on L2
With PRU correction, locates itself on L1
2 synchronized TRPs:
RTD=0
PRU: Measured RSTD=0
Computed RTD>0 (believes 
TRP1 Tx is delayed relative to TRP2)
Erroneous 
TRP-location
Midpoint line L1 
between actual
TRPs
Midpoint line L2
between errorneous
TRP locations










As seen in Figure 10, in FR2 with TRP location error parameter T=1cm, carrier phase-based positioning shows accuracy gain over the legacy baseline when R≤ 0.0001m or below the 50th percentile when R = 0.001m. Beyond these limits, the accuracy becomes worse than the legacy baseline. In FR1, since the accuracy of the baseline is not as high as in FR2, and T=1cm being not as large a fraction of the wavelength as in FR2, we still see gains below the 50th percentile with the ‘nearest PRU selection’ approach described in Section 2.1
To enable carrier phase based high accuracy positioning, ARP location error should be at least smaller than the desired accuracy requirements. 


2.6 Impact of Combined Errors
[image: Chart, line chart
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Figure 11: Carrier phase positioning accuracy in FR1 with residual CFO, PCO modeling, PRU Location Error
[image: ]

Figure 12: Carrier phase positioning accuracy in FR2 with residual Doppler (2Hz), residual CFO (TRP 40Hz, UE 120Hz ), PCO modeling(a = 1, w = 2), ARP Location Error (TRP 0.01m, PRU 0.01m)
Figure 11 & 12 show the positioning performance with all the error combined. In FR1, carrier phase positioning is slightly better than traditional baseline, where FR2 carrier phase is worse than the baseline according to the agreed error sources values & ranges. Based on the previous analysis, ARP error is the dominating error source among all the errors in FR2, in which case the residual error after double difference is too large for IAR to find the right integer ambiguity. 
2.7 Evaluation of combining carrier phase measurements from multiple sub-bands
There has been some previous discussion in RAN1 about whether the ‘carrier’ whose phase is measured in ‘carrier phase’ positioning refers to a subcarrier, a group of subcarriers, or the entire PFL or component carrier. Note that the measurement has to eventually translate to a distance which can then be used for position calculation, and for this, we are interested in the direct LoS distance. Hence the phase measurement should represent the measurement of the earliest path: We estimate the channel impulse response and then measure the phase of its first path. To do this, we have to first identify the timing of the first path. The accuracy of this identification depends on the available PRS bandwidth. If we use only a portion of the bandwidth to identify the earliest path and measure its phase, the accuracy of that measurement will thus suffer. However, we could then have multiple such measurements, and the question may arise as to whether we can combine them in a way that achieves overall accuracy that is higher than that of a single measurement that uses the entire bandwidth.
The basic equation that relates the phase measurement  to the desired distance d is 

where N is the integer ambiguity to be resolved. The challenge of measuring this phase while accounting for the initial phase offsets at transmitter and receiver is overcome using double-differential technique, so all the quantities in this equation – , d, , and N, are the corresponding double-differenced phase, distance, phase error, and integer ambiguity. Multiplying two sides by  and rewrite the equation as:

where .  
If we have multiple independent measurements (e.g., made at different PFLs or component carriers), we could create a new measurement by combining multiple phase measurements as:

where  is an integer coefficient,   is the carrier frequency of carrier .
In the following analysis, we use two carrier measurements as examples to explain the wide lane combination and narrow lane combination and their performance evaluaton. 
2.7.1 Wide-lane (WL) combination
Given two carrier phase measurements in range:


The new WL measurements  can be represented as:
 
  
= 
 =   + 
 Based on the analysis above, this new combined measurement can be represented with a new wavelength  & integer ambiguity . If   |< min(), the new wavelength is larger than any single carrier wavelength. Given a larger wavelength, the integer ambiguity resolver can cover a larger range region using the same integer search grid.
Carrer phase error analysis:
Assume the variance of single carrier phase measurement error of , is , respectively.  Assuming independent errors, the variance of combined measurement error is:

We further assume  and simplify the error variance as  . From this expression, it is seen that when  |< min(),, the error variance of the wide-lane combined measurement is at least 2 time larger than single carrier one and it is a function of the frequency gap between  . The smaller the gap (or a wider combined wavelength), the larger the combined error variance.  
Here we give a few examples to demonstrate the impact.
Intra-band WL combination:
FR1:  3GHz. 100 MHz frequency gap between two sub carriers.
  =  
FR2:  28GHz. Total BW = 400 MHz bandwidth.
  =  
Inter-band WL combination:
FR1: 4GHz, 3GHz. 1GHz frequency gap between two carriers.
  =  
FR2:  28GHz, 37GHz. Each carrier has 400 MHz bandwidth.
  =  
Clearly the carrier phase error in range is amplified, especially in the intra-band scenarios. The combined measurement can be too noisy for IAR to find the right integer ambiguity.
Numerical evaluation is provided below.

[image: ]
Figure 13: Carrier phase positioning accuracy in FR2 using 400MHz single carrier vs 2X 100MHz sub-band Wide-lane combination 
In Figure 13, we compare the accuracy between whole-band single ycarrier vs WL combination using intra-subband carrier phase measurements. We pick 2 X 100MHz sub-bands at the two ends of one FR2 400MHz component carrier, estimate the carrier phases of two subbands, and apply the WL combination technique. The results shows that WL combination provides worse accuracy than the DD-TDoA baseline. The performance degradation can be explained in two aspects. 
1. Carrier phase error increases with a smaller bandwidth, therefore, the carrier phase measurement of each subband is less accurate. 
2. The WL combination can amplify the carrier phase errors in each subband. The IAR may not be able to resolve the integer ambiguity correctly when the phase error is large.   
2.7.2 Narrow-lane (NL) combination

Similar to the WL combination, the NL combination is   .
Following the same scheme, the error variance of the NL combination is:

Since both  and , NL may suppress the noise variance, if two single carrier error variances are comparable. However, the bandwidth of sub-band carrier phase measurement is smaller than the whole band, meaning the combined carrier phase measurement error  might be larger than the single whole band one . The comparison between and  is given below. 

Cramer Rao bound based error analysis: 
For the analysis simplicity, we use Cramer Rao bound of    where the factor K depends on SNR, but we assume K=1 for simplicity (i.e. assume the same SNR for all relevant signals, then K becomes a common factor). We assume each sub-band carrier phase occupies BW = X MHz, then the BW of the whole band is 2X MHz.

Intra band NL combination: 

Since   in this case, we assume  

Then the NL error variance: 
=   
The error variance of the whole band single carrier case is:

Therefore, intra-band NL combination will always have larger error variance compared with whole band single-carrier one. In conclusion, it is better utilizing larger BW for more accurate carrier phase estimation than deviding it into multiple sub-bands and further combining them.

For the numerical evaluation, we provide following results.
[image: ] Figure 14: Carrier phase positioning accuracy in FR2 using 400MHz single carrier vs 2X 100MHz sub-band Narrow-lane combination 
In the Figure.14, we compared the accuracy between single carrier vs narrow-lane combinations using intra-subband carrier phase measurements. We pick two 100MHz or 200MHz sub-bands at the two ends of one FR2 400MHz component carrier, estimate the carrier phases of two subbands, and apply the narrow lane combination technique. The results shows that narrow lane combination results have better accuracy than the baseline, but it is still worse than the case of the single full-band carrier. The performance degradation can be explained by the fact that sub-band carrier phase measurement error is larger than single carrier case.
In conclusion, the lane-combination should not be considered for the intra-subband carrier phase-based positioning, as it doesn’t provide any gain relative to using all subbands together to get a single carrier-phase estimate. Note however that this depends on the ability to coherently process all subbands. This may not be available in all scenarios, for example, if each ‘subband’ actually represents a different positioning frequency-layer, and in such a case, the lane combination techniques described above could help in more accurate positioning.
  
2.8 Observations, conclusions and proposals from the evaluations
From the evaluations in the preceeding sections 2.1-2.7, we make the following observations and proposals: 
Observation 1: Some error sources, such as Doppler in FR1 at 3kmph, are small enough that they have negligible impact on the carrier phase positioning accuracy, in the simulated scenario.
Observation 2: Some error sources, such as residual CFO, Doppler in FR2, antenna phase response, and PRU location errors in FR1, do impact the carrier phase positioning accuracy, but there are gains from carrier phase in the simulated scenarios at the lower percentiles of the cdf, as long as the error source parameters are within certain bounds.
Observation 3: Some error sources, such as agreed ARP location error range in FR2, cause performance loss due to large residual carrier phase error after double difference cancellation. 
Observation 4: When multiple error sources coexist, the performance will depend on their individual impacts, e.g., on whether they are comparable or whether one source is dominant over the others. For parameterized error sources this will in turn depend on the chosen parameter values e.g., for CFO, Doppler etc, modeled using a truncated Gaussian with range [-2r, 2r], the parameter r.
Observation 5: For the agreed PCV compensation modeling, the angle estimate from the initial coarse non-carrier-phase positioning technique is accurate enough to cause small impact to performance. However, the compensation requires angle estimates relative to the antenna panel orientation, whereas the initial position only yields angle estimates in GCS. Accurate GCS to LCS mapping, or accurate direct angle estimation in the LCS, is needed for accurate carrier phase positioning. 
Observation 6: Combining carrier phase measurements from multiple groups of subcarriers via ‘lane combination techniques’ as used in GNSS carrier phase can potentially improve performance, but is inferior to coherent processing of all the groups of to obtain a single more accurate carrier phase measurements, when such coherent processing is possible.
Proposal 1: Support using the carrier phase measurements of multiple DL positioning frequency layers for NR carrier phase positioning.
Proposal 2: Do not support separate reporting of carrier phase measurements for different subgroups or subbands of the same component carrier or positioning frequency layer. 
Observation 7: The simulations assume the transmitter and receiver maintain phase coherence over the duration of the PRS transmission and reception, without any cycle-slips caused e.g. due to DRX/DTX, beam-switches, UL/DL switches. This may require new UE capabilities and can impact device power consumption.

The simulation results are documented in the appendix (Section 5) as per the previously agreed tabular format.  
Proposal 3: Capture in the TR, the results tabulated in Section 5 and the observations and proposals summarized in Section 4 of this contribution
As we mentioned in Section 2.1, there is no new target accuracy from SA1 for carrier phase. In the previous Rel-17 study [TR 38.857], evaluation results from some sources captured whether the Rel-17 targets were met, and also the gains of Rel-17 approach relative to Rel-16 approach. Here, given the absence of new targets, we can capture the gains relative to non-carrier phase legacy approach  
Proposal 4: Capture in the TR, the gains of carrier phase positioning relative to legacy Rel-17 positioning.
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 8: 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

In earlier RAN1 meetings there has been discussion on whether phase-difference based AoD is within the scope of the carrier phase study. We observe that this technique, while using phase measurements, is indeed not a classical carrier phase technique in the sense that the phases are not directly used as a proxy for ranges subject to integer ambiguity that is then resolved. However, we have observed in Section 2.4 that accurate angle estimation in the LCS is essential to enable carrier phase, by properly accounting for the phase-center variation as a function of angle. The angle estimates based on initial coarse position, while shown to be accurate enough in Section 2.4, are relative to GCS, and the mapping between GCS and LCS may not always be accurately available especially for mobile UEs. In this sense, the phase difference AoD enables more accurate angle estimates in LCS and thus enables accurate carrier phase, and should thus be treated as within scope of the study.

Proposal 5: Support phase-difference based AoD as part of support for carrier phase.

4 Conclusions 
In this paper, we have presented modeling approaches for various sources of phase error that impact carrier phase based positioning, and presented simulation results based on these approaches. 
We make the following observations and proposals: 
Observation 1: Some error sources, such as Doppler in FR1 at 3kmph, are small enough that they have negligible impact on the carrier phase positioning accuracy, in the simulated scenario.
Observation 2: Some error sources, such as residual CFO, Doppler in FR2, antenna phase response, and PRU location errors in FR1, do impact the carrier phase positioning accuracy, but there are gains from carrier phase in the simulated scenarios at the lower percentiles of the cdf, as long as the error source parameters are within certain bounds.
Observation 3: Some error sources, such as agreed ARP location error range in FR2, cause performance loss due to large residual carrier phase error after double difference cancellation. 
Observation 4: When multiple error sources coexist, the performance will depend on their individual impacts, e.g., on whether they are comparable or whether one source is dominant over the others. For parameterized error sources this will in turn depend on the chosen parameter values e.g., for CFO, Doppler etc, modeled using a truncated Gaussian with range [-2r, 2r], the parameter r.
Observation 5: For the agreed PCV compensation modeling, the angle estimate from the initial coarse non-carrier-phase positioning technique is accurate enough to cause small impact to performance. However, the compensation requires angle estimates relative to the antenna panel orientation, whereas the initial position only yields angle estimates in GCS. Accurate GCS to LCS mapping, or accurate direct angle estimation in the LCS, is needed for accurate carrier phase positioning. 
Observation 6: Combining carrier phase measurements from multiple groups of subcarriers via ‘lane combination techniques’ as used in GNSS carrier phase can potentially improve performance, but is inferior to coherent processing of all the groups of to obtain a single more accurate carrier phase measurements, when such coherent processing is possible.
Observation 7: The simulations assume the transmitter and receiver maintain phase coherence over the duration of the PRS transmission and reception, without any cycle-slips caused e.g. due to DRX/DTX, beam-switches, UL/DL switches. This may require new UE capabilities and can impact device power consumption.
Observation 8: 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: Support using the carrier phase measurements of multiple DL positioning frequency layers for NR carrier phase positioning.
Proposal 2: Do not support separate reporting of carrier phase measurements for different subgroups or subbands of the same component carrier or positioning frequency layer. 
Proposal 3: Capture in the TR, the results tabulated in Section 5 and the observations and proposals summarized in Section 4 of this contribution
Proposal 4: Capture in the TR, the gains of carrier phase positioning relative to legacy Rel-17 positioning.
Proposal 5: Support phase-difference based AoD as part of support for carrier phase.


5 [bookmark: _Toc103272398]Appendix – Evaluation Results for Carrier phase Positioning
5.1 [bookmark: _Toc55965347]Description of evaluation scenarios
Table 2: NR carrier phase positioning -  evaluation scenarios and parameters  
	Parameter
	Case 1 (InF-SH, FR2, 28 GHz, 400 MHz)
	Case 2 (InF-SH, FR2, 28 GHz, 400 MHz)
	Case 3 (InF-SH, FR2, 28 GHz, 400 MHz)
	Case 4 (InF-SH, FR2, 28 GHz, 400 MHz)
	Case 5 (InF-SH, FR2, 28 GHz, 400 MHz)
	Case 6 (InF-SH, FR2, 28 GHz, 400 MHz)
	Case 7 (InF-SH, FR2, 28 GHz, 400 MHz)
	Case 8 (InF-SH, FR2, 28 GHz, 400 MHz)
	Case 9 (InF-SH, FR2, 28 GHz, 400 MHz)

	Channel model (baseline, otherwise state any modifications)
	InF-SH
	InF-SH
	InF-SH
	InF-SH
	InF-SH
	InF-SH
	InF-SH
	InF-SH
	InF-SH

	Carrier frequency
	28 GHz
	28 GHz
	28 GHz
	28 GHz
	28 GHz
	28 GHz
	28 GHz
	28 GHz
	28 GHz

	Subcarrier spacing
	120 KHz
	120 KHz
	120 KHz
	120 KHz
	120 KHz
	120 KHz
	120 KHz
	120 KHz
	120 KHz

	Reference Signal Transmission Bandwidth
	400 MHz
	400 MHz
	400 MHz
	400 MHz
	400 MHz
	400 MHz
	400 MHz
	400 MHz
	400 MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb-2/2 symbols
	Comb-2/2 symbols
	Comb-2/2 symbols
	Comb-2/2 symbols
	Comb-2/2 symbols
	Comb-2/2 symbols
	Comb-2/2 symbols
	Comb-2/2 symbols
	Comb-2/2 symbols

	Number of sites
	18
	18
	18
	18
	18
	18
	18
	18
	18

	Number of symbols used per occasion
	2
	2
	2
	2
	2
	2
	2
	2
	2

	number of occasions used per positioning estimate
	1
	1
	1
	1
	1
	1
	1
	1
	1

	Power-boosting level
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB

	interference modelling (ideal muting, or other)
	Ideal muting
	Ideal muting
	Ideal muting
	Ideal muting
	Ideal muting
	Ideal muting
	Ideal muting
	Ideal muting
	Ideal muting

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR

	UE antenna configuration
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH

	 UE antenna phase response
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)

	gNB antenna configuration 
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH

	gNB antenna phase response
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)

	PRU Drop and selection
	#Common LOS links
	#Common LOS links
	#Common LOS links
	#Common LOS links
	#Common LOS links
	Randomly dropped within UE proximity
	#Common LOS links
	#Common LOS links
	#Common LOS links

	Potential enhancements
	None
	None
	None
	None
	None
	None
	None
	Wide lane combination using 2 100 MHz sub-bands within one compoment carrier
	Wide lane combination using 2X [100 200] MHz sub-bands within one compoment carrier

	Error modeled
	None
	Residual Doppler:
 D =  [2 4 8 16] Hz
	Residual CFO:
 UE = [120 400] Hz, TRP = 40 Hz
	Phase center offset: a = [0 1 3], w = [2 5] 
	PRU location error:
 T = [0.01 0.05]m
	TRP location error: 
T = [0.01] m 
PRU-UE range: 
R = [0 0.0001 0001 0.01 0.1 1] m
	Residual Doppler D = 2Hz, Residual TRP CFO 40Hz, 
Residual UE CFO 120Hz, Phase center offset Modeling with a = 1, and X in U{-2,2],  
 PRU & TRP location error modeling with T = 1cm            
	None
	None



	Parameter
	Case 10 (InF-SH, FR1, 4 GHz, 100 MHz)
	Case 11 (InF-SH, FR1, 4 GHz, 100 MHz, CFO Error)
	Case 12 (InF-SH, FR1, 4 GHz, 100 MHz, CPO Modelling)
	Case 13 (InF-SH, FR1, 4 GHz, 100 MHz, PRU Location Error)
	Case 14 (InF-SH, FR1, 4 GHz, 100 MHz, TRP Location Error)
	Case 15 (InF-SH, FR1, 4 GHz, 100 MHz, Combined Errors)

	Channel model (baseline, otherwise state any modifications)
	InF-SH
	InF-SH
	InF-SH
	InF-SH
	InF-SH
	InF-SH

	Carrier frequency
	4 GHz
	4 GHz
	4 GHz
	4 GHz
	4 GHz
	4 GHz

	Subcarrier spacing
	30 KHz
	30 KHz
	30 KHz
	30 KHz
	30 KHz
	30 KHz

	Reference Signal Transmission Bandwidth
	100 MHz
	100 MHz
	100 MHz
	100 MHz
	100 MHz
	100 MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb-2/2 symbols
	Comb-2/2 symbols
	Comb-2/2 symbols
	Comb-2/2 symbols
	Comb-2/2 symbols
	Comb-2/2 symbols

	Number of sites
	18
	18
	18
	18
	18
	18

	Number of symbols used per occasion
	2
	2
	2
	2
	2
	2

	number of occasions used per positioning estimate
	1
	1
	1
	1
	1
	1

	Power-boosting level
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB

	interference modelling (ideal muting, or other)
	Ideal muting
	Ideal muting
	Ideal muting
	Ideal muting
	Ideal muting
	Ideal muting

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR
	IFFT-based Thresholding , Phase estimation of the first path in CIR

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR
	TDoA, RANSAC, Brute-force based IAR

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Unprecoded Transmission
	Unprecoded Transmission
	Unprecoded Transmission
	Unprecoded Transmission
	Unprecoded Transmission
	Unprecoded Transmission

	UE antenna configuration
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH

	 UE antenna phase response
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	CPO a=1, X=2
CPO a=3, X=2
CPO a=1, X=5
CPO a=3, X=5
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)

	gNB antenna configuration 
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH
	Rel-17 InF-SH

	gNB antenna phase response
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	CPO a=1, X=2
CPO a=3, X=2
CPO a=1, X=5
CPO a=3, X=5
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)
	Ideal (Uniform on the sphere)

	PRU Drop and selection
	Nearest
	Nearest
	Nearest
	Nearest
	Nearest
	Nearest

	Potential enhancements
	None
	None
	None
	None
	None
	None

	Modeled error
	None
	UE residual CFO [-30,30] Hz, [-100,100] Hz
	None
	PRU location error: T = {1, } cm
	TRP location error: T = 1 cm
	CFO, PCO, PRU Loc Error



[bookmark: _Toc55965348]5.2 	Positioning accuracy evaluation results
Table 3: Carrier phase evaluation results (horizontal positioning accuracy in meters)
	Case 
	Other modeling details
	50% [m]
	80% [m]
	90% [m]
	Gain [m] vs Rel.17 solution, @50%
	Gain [m] vs Rel.17 solution, @80%
	Gain [m] vs Rel.17 solution, @90%

	Case 1 Ideal
	Ideal 
	0.00002
	0.00005
	0.00087
	0.006
	0.013
	0.018

	Case 2 Doppler
	D =2
	0.00002
	0.00010
	0.00052
	0.006
	0.013
	0.018

	
	D=4
	0.00002
	0.00008
	0.00125
	0.006
	0.013
	0.017

	
	D = 8
	0.00004
	0.00015
	0.00128
	0.006
	0.013
	0.017

	
	D= 16
	0.00007
	0.00029
	0.00130
	0.006
	0.013
	0.017

	Case 3 CFO
	TRP CFO = 40Hz, 
UE CFO = 120Hz
	0.00026
	0.00075
	0.02207
	0.006
	0.012
	-0.003

	
	TRP CFO = 40Hz,
UE CFO = 400Hz
	0.00071
	0.00204
	0.02778
	0.005
	0.011
	-0.009

	Case 4 PCV
	a = 0, w = 2
	0.00006
	0.00030
	0.00131
	0.006
	0.013
	0.017

	
	a = 0, w = 5
	0.00014
	0.00063
	0.02106
	0.006
	0.012
	-0.002

	
	a = 1, w = 2
	0.00006
	0.00019
	0.00089
	0.006
	0.013
	0.018

	
	a = 1, w = 5
	0.00015
	0.00076
	0.02231
	0.006
	0.012
	-0.004

	
	a = 3, w = 2
	0.00006
	0.00032
	0.02089
	0.006
	0.013
	-0.002

	
	a = 3, w = 5
	0.00014
	0.00064
	0.00270
	0.006
	0.012
	0.016

	Case 5 PRU
	T = 0.01
	0.04228
	0.07777
	0.11134
	-0.036
	-0.065
	-0.093

	
	T= 0.05
	0.07749
	0.14225
	0.21780
	-0.072
	-0.129
	-0.199

	Case 6 TRP 
	R = 0.0001
	0.00004
	0.00055
	0.01432
	0.013
	0.026
	0.051

	
	R = 0.001
	0.01067
	0.05380
	0.10185
	0.002
	-0.027
	-0.036

	
	R = 0.01
	0.03436
	0.08498
	0.13299
	-0.021
	-0.058
	-0.067

	
	R = 0.1
	0.03474
	0.07303
	0.12629
	-0.022
	-0.046
	-0.061

	
	R = 1
	0.03487
	0.07907
	0.12454
	-0.022
	-0.052
	-0.059

	Case 7 All combined
	
	0.10837
	0.17721
	0.27778
	-0.094
	-0.151
	-0.244

	Case 8 WL
	2 X 100MHz
	0.05526
	1.42119
	3.25750
	-0.049
	-1.408
	-3.239

	Case 9 NL
	2 X 100MHz
	0.00003
	0.00027
	0.01181
	0.016
	0.030
	0.037

	
	2 X 200MHz
	0.00003
	0.00013
	0.00093
	0.013
	0.027
	0.065

	Case 10 (InF-SH, FR1, 4 GHz, 100 MHz)
	Ideal
	0.012
	0.065
	0.13
	0.023
	0.05
	0 (no gain)

	Case 11 (InF-SH, FR1, 4 GHz, 100 MHz, CFO Error)
	UE residual CFO [-30,30] Hz
	0.012
	0.067
	0.13
	0.023
	0.003
	0 (no gain)

	
	UE residual CFO [-100,100] Hz
	0.016
	0.069
	0.13
	0.019
	0.001
	0 (no gain)

	Case 12 (InF-SH, FR1, 4 GHz, 100 MHz, CPO Modelling)
	CPO a=1, X=2
	0.02
	0.07
	0.13
	0.015
	0 (no gain)
	0 (no gain)

	
	CPO a=3, X=2
	0.022
	0.07
	0.13
	0.012
	0 (no gain)
	0 (no gain)

	
	CPO a=1, X=5
	0.04
	0.08
	0.13
	0 (no gain)
	-0.01 (loss)
	0 (no gain)

	
	CPO a=2, X=5
	0.04
	0.08
	0.13
	0 (no gain)
	-0.01 (loss)
	0 (no gain)

	Case 13 (InF-SH, FR1, 4 GHz, 100 MHz, PRU Location Error)
	PRU location error: T = 1 cm
	0.02
	0.07
	0.13
	0.015
	0 (no gain)
	0 (no gain)

	
	PRU location error: T = 5  cm
	0.05
	0.08
	0.13
	-0.015 (loss)
	-0.01 (loss)
	0 (no gain)

	Case 14 (InF-SH, FR1, 4 GHz, 100 MHz, TRP Location Error)
	TRP location error: T = 1 cm
	0.05
	0.12
	0.18
	0.01
	0 (no gain)
	0 (no gain)

	Case 15 (InF-SH, FR1, 4 GHz, 100 MHz, Combined Errors)
	UE residual CFO [-30,30] Hz
CPO a=1, X=2
PRU location error: T = 1 cm
	0.04
	0.07
	0.15
	-0.005 (loss)
	0 (no gain)
	-0.02 (loss)
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