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[bookmark: _Ref521334010]Introduction
In RAN#94e, it was agreed to investigate the solutions for accuracy improvement based on NR carrier phase measurements for Rel-18 [1]. The solutions have been discussed in RAN1#109e [2], RAN1#110 [3] and RAN1#110bis-e [4].
In this contribution, we further discuss the solutions of NR carrier phase positioning (CPP) and simulation results for NR CPP, expending our views presented in the previous meeting [5].
Discussion of NR CPP
In this section, the following four key issues for supporting NR CPP will be further discussed.
· Double Differential NR CPP;
· Multiple carrier frequencies NR CPP;
· Solution for multipath impact mitigation;
· Measurement reporting.
Double Differential NR CPP
As discussed in our previous paper [5], the following NR CPP measurement model between a UE ‘a’ and a TRP ‘i’ can be used in the evaluation of NR CPP: 
	
	
	(1)


where  is the carrier phase measurement between a UE ‘a’ and a TRP ‘i’ (in cycles);  is the target distance between the antennas of UE a and gNB/TRP i (in meters);  is an unknown integer ambiguity in the carrier phase measurements (in cycles); the clock error of gNB/TRP i and clock error of UE a, respectively, due to the impact of oscillator-drift (in meters);  and are the phase offset of gNB/TRP i and clock error of UE a, respectively;  is the speed of light (in meters per second);  is the wavelength (in meters);  is the carrier phase measurement noise (in cycles). 
Eqn.(1) shows that only the propagation distance  (=delay () is the target measurement value in the carrier phase measurements. For centimeter-level accuracy, the unknown integer ambiguity needs to be resolved, which will be discussed in Section 3.2. The carrier phase shifts caused by the frequency offset , the time offset , and initial phase offsets () need to be mitigated in the carrier phase measurement equation [2][3]. Double differential technique is commonly used for this purpose. 
Assume that we have the TDOA/RTOA and carrier phase measurements between two UEs  (one of them is the target UE, and the other is the PRU (Positioning Reference Unit) with known location), and two gNB/TRP {, the double differential TOA measurement () and double differential carrier phase measurement () can be calculated by:
 				      (2)
				 (3)
where  represent, the double differential distance, double differential integer ambiguity, double differential TOA measurement noise, and double differential carrier phase measurement noise, respectively. 
As shown in Eqn.(2) and Eqn. (3), the double differential operation can effectively eliminate the impact of UE/TRP Tx and Rx initial phase offsets and the UE/TRP clock offsets, which are caused by the oscillator-drift, and CFO/doppler.
Multiple carrier frequencies NR CPP
In RAN1#110bis-e, the following agreement was made on multiple carrier frequencies for NR carrier phase positioning (CPP) [4]. 
	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


One of the main issues in carrier phase positioning is to resolve the integer ambiguity in the carrier phase measurements. Normally, the wavelength of the carrier phase measurements is very short, which makes resolving integer ambiguity very difficult, especially for single-epoch (single-shot) CPP. For example, when the carrier frequency is 3GHz, the wavelength is only about 10cm. In GNSS CPP, one of the widely used approaches for faster and more reliable integer ambiguity resolution is to use the virtual carrier phase measurements that are obtained from the carrier phase measurement of different carrier frequencies [11]. Different combinations of the carrier phase measurement of multiple carrier frequencies can create the virtual carrier phase measurements with different virtual wavelengths: much longer than, larger than, or smaller than the original wavelengths, which are also called Extra Wide Lane (EWL), Wide Lane (WL) and Narrow Line (NL) combinations, respectively in GNSS positioning. In general, EWL and WL combinations are used for fast resolution of the integer ambiguity, while NL combinations can be used for scenarios when extremely accurate positioning is desired. Figure 2 shows that the search space of the integer ambiguity is significantly reduced when the virtual wavelength is much larger than the wavelength of the original carrier phase measurements under the same initial UE positioning error. 
[image: ]
Figure 1: Principle of UE location calculation with multiple carrier frequencies
It is worth pointing out that in GNSS CPP, the carrier frequencies of the GNSS signals are all fixed, and thus the use of the virtual carrier phase measurements is constrained by these carrier frequencies. In NR CPP, however, there is no such limitation. NR is an OFDM system with very rich spectrum. The carrier measurements can be obtained in different carriers in the same or different bands, and/or different subcarriers within the bandwidth of a carrier, which supports the use of carrier measurements to create different virtual carrier phase measurements with different wavelengths for different positioning purposes. The use of multiple carrier frequencies for NR CPP is further discussed in Section 3 with evaluation results shown in Section 4.3.
Each carrier phase measurement is associated with the RF frequency of the carrier signal. For example, a DL carrier phase measurement, which is obtained by measuring the DL PRS signals of a DL PFL is associated with the RF frequency of a subcarrier within the DL PFL bandwidth. Multiple carrier phase measurements, which are associated with the RF frequencies of different subcarriers within the DL PFL bandwidth, can also be obtained by measuring the DL PRS signals of the DL PFL. More specifically, the DL PRS signals of DL PFL are transmitted with a bandwidth defined by dl-PRS-ResourceBandwidth with the start PRB defined by dl-PRS-StartPRB as defined in TS 37.355. 

NR-DL-PRS-PositioningFrequencyLayer-r16 ::= SEQUENCE {
	dl-PRS-SubcarrierSpacing-r16	ENUMERATED {kHz15, kHz30, kHz60, kHz120, ...},
	dl-PRS-ResourceBandwidth-r16	INTEGER (1..63),
	dl-PRS-StartPRB-r16				INTEGER (0..2176),
	dl-PRS-PointA-r16				ARFCN-ValueNR-r15,
	dl-PRS-CombSizeN-r16			ENUMERATED {n2, n4, n6, n12, ...},
	dl-PRS-CyclicPrefix-r16			ENUMERATED {normal, extended, ...},
	...
}

Similarly, a UL carrier phase measurement can be associated with an RF frequency of a UL carrier, or be associated with an RF frequency of a subcarrier within the bandwidth of the UL carrier. Multiple UL carrier phase measurements may be obtained, each of them is associated with a RF frequency of a UL carrier or a UL subcarrier. As it is discussed in [5] and also evaluated in Section 4, reporting the carrier phase measurements corresponding to multiple (sub)carriers (2 (sub)carriers are used in our evaluation) is very helpful to resolve the integer ambiguity and thereby improve the positioning performance in comparison with reporting only the carrier phase measurements of one (sub)carrier frequency.

[bookmark: O1]Observation 1: Carrier phase measurements from multiple carrier frequencies are very helpful for fast resolution of the integer ambiguity (Note: This is especially important for NR, where obtaining the CPP solution by using a single short carrier phase measurement is highly desirable due to the positioning signals are transmitted periodically. In comparison, GNSS signals are transmitted continuously).
[bookmark: P1]Proposal 1: Support UE/TRP to report the carrier phase measurements corresponding to multiple carrier frequencies of different carriers, or multiple subcarrier frequencies of the same or different carriers, for NR carrier phase positioning.

Multipath mitigation
In RAN1#110bis-e, the following agreement was made on NR carrier phase positioning (CPP) [4]. 
	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.



For carrier phase positioning, the target carrier phase measurement should correspond to the first path signals, instead of signals of the other paths. Therefore, it is important to identify and separate the first path and other paths. 
Regarding optional reporting the carrier phase of the additional paths, in our view, reporting of the carrier phase measurement of the first path is key for NR carrier phase positioning. The benefits of reporting the carrier phase measurement of the additional paths may be explored in the future release with more advanced algorithms (e.g., AI/ML positioning algorithms) for NR carrier phase positioning. Therefore, in Rel-18 we suggest focusing on the reporting of the carrier phase of the first path.
[bookmark: P2]Proposal 2: In Rel-18, suggest focusing on the reporting of the carrier phase of the first path. The reporting of the carrier phases of the additional paths can be considered in a future release.
For the third bullet, in our view, Rel-17 LOS/NLOS indicator can be at least supported for use of LOS/NLOS indication for the carrier phase measurements since the channel LOS/NLOS is related to the signal propagation condition, which applies to all timing measurements, including the carrier phase measurements.
[bookmark: P3]Proposal 3: For multipath mitigation for carrier phase measurements, the existing Rel-17 LOS/NLOS indicator can be reused.
For reporting other channel information, in our view, RSRP and RSRPP as well as other measurement quality indications (Rel-17 LOS/NLOS indicator, Rician factor, SINR, and the measurement variance) can also be considered.
[bookmark: P4]Proposal 4: Support the reporting of other channel information for carrier phase positioning, which may include:
· RSRP and RSRPP;
· Measurement quality indications such as Rel-17 LOS/NLOS indicator, Rician factor, SINR and variance of CPP measurement.
It should be pointed out that the impact of multipath for NR CPP may also be mitigated by UE/TRP implementation by the different approaches as discussed in [5], e.g., by the improvement of hardware and software design of the antenna and receiver and by the use of advanced data processing and positioning algorithms, etc.

Measurement reporting
In RAN1#110bis-e, the following agreement was made on NR carrier phase positioning (CPP) [4]. 
	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.



For the above two approaches, the first one is preferred. The main reason is that existing positioning measurements (such as RSTD and RTOA) are already available and can be used to determine the search ranges for integer ambiguity resolution as evaluated by many companies. Furthermore, NR carrier phase measurements can also be used to get carrier phase-smoothed DL-TDOA, UL-TDOA or Multi-RTT measurements, which have higher accuracy than raw measurements [5], without the need to resolve the integer ambiguity.
The second approach needs further discussion in our view. Although it was discussed in the previous meeting [6],  it is still unclear what measurements are included in the carrier phase-based measurements. Obviously, reporting only the DL and UL carrier phase measurements, which were agreed upon in the last meeting, is not enough for carrier phase positioning. Thus, to support “reporting of the carrier phase-based measurements alone without reporting the existing positioning measurements”, we may need to first define the carrier phase-based measurements, which are currently unclear so far. Therefore, we suggest focusing on the first approach in Rel-18.
[bookmark: P5]Proposal 5: In Rel-18, suggest focusing on 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 can be considered in a future release.

Carrier phase positioning methods
In this section, we discuss the methods for the estimation of single shot NR carrier phase measurements. Once the carrier phase measurements are obtained, the UE location can be derived using different positioning methods (e.g. [5]). 
Different methods can be used for the estimation of NR carrier phase measurement from positioning reference signals. In [5], we have discussed the methods to obtain the carrier phase measurement of a single carrier in the time domain and frequency domain. In the following, we further discuss how to obtain the carrier phase measurements of multiple (M=2) subcarrier frequencies within the bandwidth of a carrier.  
As shown in Figure 2, the channel frequency response (CFR) is first obtained by channel estimation in the frequency domain for all subcarriers. Divide the CFR vector into M sub-vectors. For each sub-vector, the following four steps are carried out to get the subcarrier phase measurements: i.e., phase of arrival (POA1/POA2).
Step 1: The CFR is converted to the CIR through IDFT transform.
Step 2: For mitigation of multiple path and noise (MMPN), find the first path in the time domain,, and set the CIR in time domain to zero except for multiple samples around the time index of .
Step 3: The CIR is converted to the updated CFR through DFT transform.
Step 4: The carrier phase of the central location of the sub-vector is calculated from the phase of the updated CFR of the center subcarrier.
                                                                      (4)
where is the CFR of the central sample of the sub-vector.


Figure 2: Illustration of the multiple (sub) carrier phase measurement estimation method

Performance evaluation
In RAN1#110bis-e meeting, we provided our initial evaluation results with the consideration of different imperfect error sources [5]. In this section, we present our updated evaluation results for NR carrier phase positioning with additional evaluation cases.
Target requirement 
As shown in our Cramer-Rao Lower Bound (CRLB) analysis and also the evaluation results in [5], NR CPP can achieve centimeter-level positioning accuracy, at least under the assumption that the integer ambiguity in the carrier phase measurements is successfully resolved. Although for Rel-18 NR CPP, it may not need to define the target requirement, since it is not included in the SID, it might be useful to have a target position accuracy for the purpose of presenting the evaluation results. From our evaluation results and also the results from other companies [5][20], we suggest using the CDF values at 50% and/or 80% for the target requirement. For example, the NR CPP positioning accuracy in InF-SH scenario can be much higher than the legacy positioning approach at 80%. For InF-DH scenario, due to the impact of the strong NLOS/multipath, using CDF values at 50% may be more proper. In Rel-17, the target accuracy is defined in decimeter level (without considering the ARP errors, PCO errors and timing synchronization errors). For Rel-18 NR CPP, we suggest the target accuracy is defined in centimeter level.
[bookmark: P6]Proposal 6: For the purpose of evaluation, the target horizontal position accuracy can be defined as X(=1)cm@80% for InF-SH, and Y(=1cm)@50% for InF-DH for carrier phase positioning.
PRU and TRP settings
The evaluation scenarios and parameters are given in Appendix B, following the agreements made in the previous meetings [2][3][4].
In addition, as discussed in Section 2.1, double differential operation with PRU can effectively eliminate the impact of the TRP and UE timing synchronization errors, the TRP and UE initial phase offsets, CFO and the oscillator-drift. In the following simulation, four PRUs are placed as shown in Figure 3, which are assumed to have the LOS channel to all TRPs and the LOS probability follows the same distribution for InF-SH and InF-DH scenarios in TR 38.901. The same PRU setting is used in all double differential evaluation cases (Note: For the positioning of a target UE, only a single PRU with LOS to TRPs was selected for double differential operation). The value of D, W and L in InF-SH and InF-DH scenarios are given by TR 38.901.


Figure 3: PRU and TRP settings in InF-SH and InF-DH scenarios

Simulation results
Detailed simulation assumptions for each evaluation case are presented in Appendix B of this document.
Perfect Scenarios
In Table 1, we provide the evaluation results of NR carrier phase positioning for InF-SH and InF-DH scenarios without considering additional error sources (“perfect scenarios”). For the purpose of comparison, legacy DL-TDOA positioning, no-differential carrier phase positioning, single carrier and multiple (sub)carriers double differential (DD) DL-CPP are evaluated with the same total channel bandwidth of 100MHz. For a fair comparison, it is also assumed TRP timing synchronization errors are removed by the use of the double differential with PRU for DL-TDOA (i.e., DD DL-TDOA). The evaluation results in Table 1 show that it is feasible to reach the centimeter-level positioning accuracy by the use of carrier phase measurements when additional error sources are not considered. Using the carrier phase measurements, the positioning accuracies of DL-CPP can be better or much better than DL-TDOA.
[bookmark: O2]Observation 2: It is feasible to reach the centimeter-level positioning accuracy by the use of carrier phase measurements when additional error sources are not considered.
· For InF-SH scenario, NR carrier phase positioning accuracy is much higher than TDOA positioning accuracy under the same evaluation assumption:
· DD DL-TDOA (Case 1): 7.2cm (@50%) and 11.7cm (@80%).
· DL-CPP (single carrier frequency) (Cases 2): <1.0cm (@50%) and <1.0cm (@80%).
· DD DL-CPP (single carrier frequency) (Cases 3): <1.0cm (@50%) and <1.0cm (@80%).
· DD DL-CPP (two subcarrier frequencies) (Case 4): <1.0cm (@50%) and <1.0cm (@80%).
· DD DL-CPP (two carrier frequencies) (Case 5): <1.0cm (@50%) and <1.0cm (@80%).
· For InF-DH scenario, NR carrier phase positioning accuracy is better than TDOA positioning accuracy when NR carrier phase measurements are available from only a single carrier frequency. When NR carrier phase measurements from multiple (sub)carrier frequencies are available, the positioning accuracy is much better than TDOA positioning accuracy, due to the improvement of the resolution of the integer ambiguity.
· DD DL-TDOA (Case 6): 8.3cm (@50%) and 12.3cm (@80%).
· DL-CPP (single carrier frequency) (Cases 7): 0.6cm (@50%) and 3.0cm (@80%).
· DD DL-CPP (single carrier frequency) (Cases 8): 4.6cm (@50%) and 14.8cm (@80%).
· DD DL-CPP (two carrier frequencies) (Case 9): 1.0cm (@50%) and 2.7cm (@80%).














Table 1: NR carrier phase positioning - horizontal accuracy in perfect scenarios
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1] cm 
@50%
	[Y=1] cm
@80%
	

	Case 1, InF-SH,
Single-carrier, 100MHz, DD DL-TDOA
	0.072 
	0.102 
	0.117 
	0.127 
	No
	No
	

	Case 2, InF-SH,
Single-freq, 100MHz, DL-CPP
	0.002 
	0.003 
	0.004 
	0.012 
	Yes
	Yes
	

	Case 3, InF-SH,
Single-freq, 100MHz, DD DL-CPP
	0.003 
	0.004 
	0.007 
	0.090 
	Yes
	Yes
	

	Case 4, InF-SH,
Single-freq (carrier phases of 2 subcarriers within one PFL), 100MHz, DD DL-CPP
	0.004 
	0.005 
	0.008 
	0.012 
	Yes
	Yes
	

	Case 5, InF-SH
Two-freq, 100MHz, DD DL-CPP.
	0.003 
	0.004 
	0.005 
	0.007 
	Yes
	Yes
	

	Case 6, InF-DH,
Single-carrier, 100MHz, DD DL-TDOA
	0.083 
	0.113 
	0.123 
	0.192 
	No
	No
	

	Case 7, InF-DH,
Single-freq, 100MHz, DL-CPP
	0.006 
	0.020 
	0.030 
	0.096 
	Yes
	No
	

	Case 8, InF-DH,
Single-freq, 100MHz, DD DL-CPP
	0.046 
	0.095 
	0.148 
	0.217 
	No
	No
	

	Case 9, InF-DH
Two-freq, 100MHz, DD DL-CPP 
	0.010 
	0.019 
	0.027 
	0.034 
	Yes
	No
	



Note 1: DL PRS with 100MHz BW per PFL is used for all cases, including DL-TDOA and DL-CPP.
Note 2: The PRU settings are provided in Section 4.2 and Table B.4.X.1-1.

Impact of TRP ARP location error
The following model of TRP ARP error was agreed in RAN1#110 [3].
	Agreement
· In the evaluation of NR carrier phase positioning, the antenna reference point (ARP) location error of a TRP can be modelled as follows: 
· Ideal: no ARP error
· 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



The evaluation results in our previous paper [5] show that without using the double differential technique, the carrier phase positioning accuracy can be seriously affected by ARP errors, and double differential carrier phase positioning may reduce the influence of TRP ARP position errors. In this section, we provide additional evaluation results of double differential DL-CPP with the ARP errors (T=1cm and 5cm) under InF-SH and InF-DH scenarios. The evaluation results are shown in Table 2. From the evaluation results in Table 2, we have the following observations for the impact of the ARP errors.
[bookmark: O3]Observation 3: It is feasible to reach the centimeter-level positioning accuracy by the use of carrier phase measurements under the impact of practical TRP ARP location errors. NR carrier phase positioning accuracies for the evaluated cases are much higher than DL-TDOA positioning under the same evaluation assumptions.
· For InF-SH scenario with 1cm ARP error:
· DD DL-TDOA (Case 10): 8.5cm (@50%) and 12.1cm (@80%).
· DD DL-CPP (single carrier frequency) (Cases 11): <1.0cm (@50%) and 11.2cm (@80%).
· DD DL-CPP (two subcarrier frequencies) (Case 12): <1.0cm (@50%) and 1.79 cm (@80%).
· DD DL-CPP (two carrier frequencies) (Case 13): <1.0cm (@50%) and 1.3cm (@80%).
· For InF-SH scenario with 5cm ARP error:
· DD DL-TDOA (Case 14): 8.8cm (@50%) and 13.9cm (@80%).
· DD DL-CPP (two carrier frequencies) (Case 15): 3.3cm (@50%) and 5.6cm (@80%).
· For InF-DH scenario with 1cm ARP error:
· DD DL-TDOA (Case 16): 9.1cm (@50%) and 14.3cm (@80%).
· DD DL-CPP (two carrier frequencies) (Case 17): 1.5cm (@50%) and 3.3cm (@80%).
[bookmark: O4]Observation 4: The TRP ARP error degrades the carrier phase positioning accuracy even when the double differential technique is used. However, NR CPP with the use of the carrier phases of multi-(sub)carriers is robust to TRP ARP error. The impact of the TRP ARP error is reduced significantly when the carrier phase measurements of two carrier frequencies are used.













Table 2: NR carrier phase positioning – horizontal accuracy with TRP ARP error
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1cm]
@50%
	[Y=1cm]
@80%
	

	Case 10, InF-SH
Single-carrier, 100MHz, ARP error 1cm, DD DL-TDOA 
	0.085 
	0.105 
	0.121 
	0.154 
	No
	No
	

	Case 11, InF-SH
Single-freq, 100MHz, ARP error 1cm, DD DL-CPP
	0.009 
	0.091 
	0.112 
	0.182 
	Yes
	No
	

	Case 12, InF-SH
Single-freq (carrier phases of 2 subcarriers within a single PFL), 100MHz, ARP error 1 cm, DD DL-CPP
	0.008 
	0.015 
	0.019 
	0.026 
	Yes
	No
	

	Case 13, InF-SH
Two-freq, 100MHz, ARP error 1 cm, DD DL-CPP
	0.007 
	0.010 
	0.013 
	0.018 
	Yes
	No
	

	Case 14, InF-SH
Single- carrier, 100MHz, ARP error 5 cm, DD DL-TDOA
	0.088 
	0.105 
	0.139 
	0.163 
	No
	No
	

	Case 15, InF-SH
Two-freq, 100MHz, ARP error 5 cm, DD DL-CPP
	0.033 
	0.046 
	0.056 
	0.069 
	No
	No
	

	Case 16, InF-DH
Single- carrier, 100MHz, ARP error 1cm, DD DL-TDOA
	0.091 
	0.116 
	0.143 
	0.189 
	No
	No
	

	Case 17, InF-DH
Two-freq, 100MHz, ARP error 1 cm, DD DL-CPP
	0.015 
	0.022 
	0.033 
	0.053 
	No
	No
	



Impact of Carrier Frequency Offset (CFO) and Oscillator-drift
The following model of CFO and Oscillator-drift was agreed in RAN1#110 [3].

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

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




In this section, we evaluate the impact of the CFO together with Oscillator-drift on NR carrier phase positioning. In the simulation, target UE and PRU measure the same DL-PRS symbol of the same DL-PRS resource at the same time.
From the evaluation results in Table 3, we have the following observations for CFO and Oscillator-drift. 
[bookmark: O5]Observation 5: The evaluation results show the impact of the frequency errors (including the CFO and oscillator-drift) on the carrier phase positioning can be eliminated by the use of the double differential technique (e.g., by comparing Case 18 and Case 19 in Table 3 with Case 3 and Case 8 in Table 1). 





Table 3: NR carrier phase positioning - horizontal accuracy with CFO and Oscillator-drift
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1cm]
@50%
	[Y=1cm]
@80%
	

	Case 18, InF-SH
Single-freq, 100MHz, DD DL-CPP;
CFO TRP10Hz and UE100Hz, Oscillator-drift TRP 0.02ppm, UE 0.1ppm, 6 OFDM symbol of a DL-PRS resource
	0.003 
	0.004 
	0.007 
	0.090 
	Yes
	Yes
	

	Case 19, InF-DH,
Single-freq, 100MHz, DD DL-CPP;
CFO TRP10Hz and UE100Hz, Oscillator-drift TRP 0.02ppm, UE 0.1ppm, 6 OFDM symbol of a DL-PRS resource
	0.046 
	0.095 
	0.148 
	0.217 
	No
	No
	



Impact of UE/TRP antenna PCO
The following model of PCO was agreed in RAN1#110 [3].
	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




In the previous paper [5], we presented the evaluation results for the impact of UE/TRP antenna PCO on the NR carrier phase positioning when the UE/TRP antenna PCO is modeled by using Example 1 in the above agreement for InF-SH scenario. In this section, we further evaluate the impact of UE/TRP antenna PCO on the NR carrier phase positioning with the model of Example 1 for InF-DH scenario. The evaluation results are shown in Table 4. 
[bookmark: O6]Observation 6: The evaluation of results shows that UE/TRP antenna PCO degrades NR CPP positioning accuracy slightly when UE/TRP antenna PCO model of Example 1 is used (by comparing Cases 20/21 with Case 5 and comparing Cases 22/23 with Case 9). In this case, it is still feasible to reach the centimeter-level positioning accuracy by the use of carrier phase measurements.
· For InF-SH scenario:
· DD DL-CPP horizontal accuracy (Cases 20/21): < 1cm (@50%) and <1cm (@80%).
· For InF-DH scenario:
· DD DL-CPP horizontal accuracy (Cases 22/23): <=1.3cm (@50%) and <=2.8cm (@80%)

Table 4: NR carrier phase positioning - horizontal accuracy with PCO 
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1cm]
@50%
	[Y=1cm]
@80%
	

	Case 20, InF-SH,
Two-freq, 100MHz, DD DL-CPP; PCO, dPhi in Example 1; a=3, w=[-5deg, 5deg]
	0.004 
	0.005 
	0.006 
	0.009 
	Yes
	Yes
	

	Case 21, InF-SH,
Two-freq, 100MHz, DD DL-CPP; PCO, dPhi in Example 1; a=3, w=[-10deg, 10deg] 
	0.004 
	0.005 
	0.007 
	0.010 
	Yes
	Yes
	

	Case 22, InF-DH,
Two-freq, 100MHz, DD DL-CPP; PCO, dPhi in Example 1; a=3, w=[-5deg, 5deg]
	0.010 
	0.020 
	0.027 
	0.035 
	Yes
	No
	

	Case 23, InF-DH,
Two-freq, 100MHz, DD DL-CPP; PCO, dPhi in Example 1; a=3, w=[-10deg, 10deg] 
	0.013 
	0.020 
	0.028 
	0.044 
	No
	No
	



Impact of initial phase offset
The following model of initial phase offset was agreed in RAN1#110bis-e [3].
	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.



As discussed in [5], single differential of the carrier phases between the different TRPs can only eliminate the random initial phase of the UE. Double differential of the carrier phases can eliminate the random initial phase of the TRP and the UE. The evaluation results of the impact of random initial phases of the transmitter and the receiver with single differential and double differential DL-CPP under InF-SH and InF-DH scenarios are shown in Table 5. From the evaluation results in Table 5, we have the following observations for the impact of the initial phase offset.
[bookmark: O7]Observation 7: Single differential (SD) DL-CPP is affected by the initial phase offset and double differential technique fully eliminates the influence of initial phase offset. 
· InF-SH scenario:
· SD DL-CPP horizontal accuracy (Case 24): 6.8cm (@50%) and 12.8cm (@80%).
· DD DL-CPP horizontal accuracy (Case 25): < 1cm (@50%) and <1cm (@80%).
· InF-DH scenario:
· DD DL-CPP horizontal accuracy (Cases 26): 4.6cm (@50%) and 14.8cm (@80%).

Table 5: NR carrier phase positioning - horizontal accuracy with initial phase offset
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1cm]
@50%
	[Y=1]cm
@80%
	

	Case 24, InF-SH
Single-freq, 100MHz, SD DL-CPP
	0.068 
	0.100 
	0.128 
	0.151 
	No
	No
	

	Case 25, InF-SH
Single-freq, 100MHz, DD DL-CPP
	0.002 
	0.003 
	0.004 
	0.012 
	Yes
	Yes
	

	Case 26, InF-DH
Single-freq, 100MHz, DD DL-CPP
	0.046 
	0.095 
	0.148 
	0.217 
	No
	No
	




Combinations of multiple imperfect factors
In above sections, we evaluate the impact of each of the error sources (TRP ARP error, frequency error, PCO, and initial phase offset) separately. In this section, we provide the evaluation of the NR CPP positioning performance when these errors are all presented. The evaluation results are shown in Table 6. The evaluation results show that it is feasible to reach the centimeter-level positioning accuracy by use of carrier phase measurements, which is much more precise than DL-TDOA accuracy, when all of the error sources are considered.
Note: The ARP error, frequency error and PCO may also impact the accuracy of the legacy positioning solutions, which are actually not considered during the evaluation of the accuracy of the legacy positioning solutions in Rel-17 in TR 38.857.
[bookmark: O8]Observation 8: It is feasible to reach the centimeter-level positioning accuracy by the use of carrier phase measurements when all of the error sources are considered.
· InF-SH scenario:
· DD DL-CPP horizontal accuracy (Case 27/28): < 1cm (@50%) and <2cm (@80%).
· InF-DH scenario:
· DD DL-CPP horizontal accuracy (Cases 29): 1.6cm (@50%) and 3.5cm (@80%).

Table 6: NR carrier phase positioning - horizontal accuracy with TRP ARP error, frequency error, PCO, and initial phase offset
	[Case ID], [Scenario], [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1cm]
@50%
	[Y=1]cm
@80%
	

	Case 27, InF-SH, Single-freq (carrier phases of 2 subcarriers within a single PFL), 100MHz, DD DL-CPP,
ARP error 1cm; CFO TRP10Hz and UE100Hz, Oscillator-drift TRP 0.02ppm and UE 0.1ppm,6 OFDM symbol;
PCO, dPhi in example 1, a=3, w=[-5deg, 5deg];
Random initial phase
	0.009 
	0.019 
	0.020 
	0.029 
	Yes
	No
	

	Case 28, InF-SH, Two-freq, 100MHz, DD DL-CPP,
ARP error 1cm; CFO TRP10Hz and UE100Hz, Oscillator-drift TRP 0.02ppm and UE 0.1ppm,6 OFDM symbol;
PCO, dPhi in example 1, a=3, w=[-5deg, 5deg];
Random initial phase
	0.008 
	0.012 
	0.017 
	0.023 
	Yes
	No
	

	Case 29, InF-DH, Two-freq, 100MHz, DD DL-CPP,
ARP error 1cm; CFO TRP 10Hz and UE 100Hz, Oscillator-drift TRP 0.02ppm and UE 0.1ppm,6 OFDM symbol;
PCO, dPhi in example 1, a=3, w=[-5deg, 5deg];
Random initial phase
	0.016 
	0.024 
	0.035 
	0.058 
	No
	No
	



Analysis of solutions for different error sources
Table 7 provides the summary of error sources and candidate solutions for NR CPP based on the evaluation results presented in Section 4.3. From Table 7, we have the following observations.
[bookmark: O9]Observation 9: Double differential technique can effectively eliminate the impact of the TRP and UE clock offsets, the TRP and UE initial phase offsets, CFO and the oscillator-drift. 
[bookmark: O10]Observation 10: Multi-(sub)carriers NR carrier phase positioning is robust to TRP ARP error.


[bookmark: _Ref115427007]Table 7: Summary of error sources and candidate solutions
	
Candidate
solutions
Error 
sources
	Single difference CPP between a UE and different gNB/TRPs
	Double difference CPP 
	Multi-frequency CPP 
	Double difference and multi-frequency CPP 
	Measurement algorithm and positioning algorithm

	Initial residual CFO and oscillator-drift
	No
	Yes
	No
	Yes
	——

	TRP random initial phase error
	No
	Yes
	No
	Yes
	——

	UE random initial phase error
	Yes
	Yes
	No
	Yes
	——

	TRP ARP location error
	No
	Partly
	Robust [Note 1]
	Robust [Note 1]
	Related to positioning algorithm [Note 1]

	PCO error
	No
	Partly [Note 2]
	Partly  [Note 2]
	Partly  [Note 2]
	——

	Multi-path
	——
	——
	——
	——
	Related to measurement algorithm[Note 3] and positioning algorithm  [Note 4]


Note 1: In multi-frequency NR CPP, the corresponding integer ambiguities can be determined step by step by the use of the virtual carrier phase measurements.
Note 2: The effectiveness depends on the angle difference between the target UE and PRU, and/or the angle difference between the directions of TRPs and the UE.
Note 3: The impact of multipath on the measurements can be mitigated by the antenna design and the signal processing algorithm in the receiver.
Note 4: The impact of multipath on the positioning solution can be mitigated by advanced data processing and positioning algorithms.

Impact of NR CPP on specification
In this section, the impact of NR CPP on specification is discussed.
Reference signals for NR CPP
In RAN1#110bis-e, the following agreement was made on the reference signals for NR carrier phase positioning [4].
	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



From the evaluation results, it is clear that the existing DL PRS and UL SRS for positioning can be re-used for supporting NR carrier phase measurements with reasonable accuracy. Although further enhancement of the existing DL PRS and UL SRS for positioning may be desirable for better positioning performance, we haven’t seen strong motivation to support it in Rel-18 unless new applications (e.g., the tracking of UE motion) are considered. With the consideration of minimizing the impact on the specification, we suggest only focusing on the reuse of the existing DL PRS and UL SRS for better positioning performance in Rel-18. Further enhancements can be considered in a further release, e.g., Rel-19. 
[bookmark: P7]Proposal 7: Suggest including the following TP in the TR (for potential specification impact):
· 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. In this way, there is no impact on the specification regarding to the reference signals for NR CPP in Rel-18. 
NR carrier phase measurements
In RAN1#110bis-e, the following agreements were made on the NR carrier phase measurements [4]. 
	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
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.



For NR carrier phase positioning, it was agreed in RAN1#110bis-e that new DL and UL carrier phase measurements will be considered. For DL CPP, there are two candidates under consideration: one is the difference between the carrier phase measured from DL PRS(s) of different TRPs, and the other is the carrier phase measured from the DL PRS(s) of a TRP. In our view, a down-selection is needed, which can be done during the working item phase. For UL CPP, it is clear that we should use the carrier phase measured from the UL SRS for positioning purpose as the measurements. 
[bookmark: P8]Proposal 8: Suggest including the following TP in the TR (for potential specification impact):
· New DL and UL measurements need to be introduced for supporting NR CPP, which at least include the following:
· For DL carrier phase positioning, the following candidate measurements are recommended to be considered in Rel-18 (down-selection is needed during the normative work):
· the difference between the carrier phase measured from the DL PRS signal(s) of the target TRP and the carrier phase measured from the DL PRS signal(s) of the reference TRP;
· the carrier phase measured from the DL PRS signal(s) of a TRP.
· For UL carrier phase positioning, the carrier phases measured from the UL SRS for positioning purpose are recommended to be introduced in Rel-18 as the UL carrier phase measurements.
As discussed in Section 2.2 and evaluated in Section 4, reporting the carrier phase measurements corresponding to multiple carrier frequencies may significantly improve the positioning accuracy of the NR carrier phase positioning in comparison with reporting only the carrier phase measurements of one carrier frequency. Here, the carrier frequencies can be the RF frequencies of different carriers (or PFLs), or the RF frequencies of different subcarriers within the bandwidth of one carrier (or one PFL). For example, the DL PRS signals of one DL PFL are transmitted within a bandwidth defined by dl-PRS-ResourceBandwidth with the start PRB defined by dl-PRS-StartPRB. A carrier phase measurement obtained from the DL PRS signals of one DL PFL can be associated with an RF frequency of any subcarrier within the bandwidth of the DL PFL. In comparison with reporting only one carrier phase measurement of one carrier frequency of one PFL, reporting multiple carrier phase measurements of multiple carrier frequencies of one or different PFLs is very helpful for improving the positioning performance as shown in our evaluation results in Section 4.3.
[bookmark: P9]Proposal 9: Suggest including the following TP in the TR (for potential specification impact):
· Reporting of NR DL/UL carrier phase measurements of multiple carrier frequencies (e.g., multiple PFLs and/or multiple subcarriers with the bandwidth of one PFL) are recommended for NR CPP.
In addition to the carrier phase measurements, additional information may also be considered, such as the information for the multipath mitigation, the resolution of the integer ambiguity etc. The details of the information can be further considered during normative work if necessary.
[bookmark: P10]Proposal 10: Suggest including the following TP in the TR (for potential specification impact):
· Additional information, which may also be needed for improving NR CPP performance, such as the information related to multipath mitigation, integer ambiguity resolution, can be considered if necessary.
Physical Layer Procedures
With the reuse of the existing Rel-16 PRS and SRS for positioning for NR carrier phase positioning, the NR carrier phase measurements can be requested, measured and reported together with the existing positioning measurements. Thus, existing physical layer procedures can be re-used and enhanced for supporting the NR carrier phase positioning, including the measurement configuration, measurement request and measurement report with potential enhancements of the message content (e.g., the configuration related to the NR carrier phase positioning). 
[bookmark: P11]Proposal 11: Suggest including the following TP in the TR (for potential specification impact):
· NR carrier phase positioning can be developed based on the enhancement of the existing physical layer procedures for the reporting of the new physical layer measurements for NR carrier phase positioning.
For supporting NR double differential carrier phase positioning, the PRU needs to be used. From the physical layer point of view, our understanding is that the physical layer procedures used for supporting a target UE for NR CPP can also be re-used for supporting PRU, including the measurement configuration, measurement request and measurement report with potential enhancements of the message content, since a PRU for carrier phase positioning performs like a UE and mainly to support the same positioning functionalities as a target UE that supports carrier phase positioning.
Thus, we don’t see the additional impact on the physical layer for supporting the use of PRU.
[bookmark: P12]Proposal 12: Suggest including the following TP in the TR (for potential specification impact):
· Double differential carrier phases with the use of the PRU need to be supported for NR carrier phase positioning. From the physical layer perspective, no significant impact is identified for supporting the double differential carrier phase positioning with the use of the PRU.
Higher Layer Signalling and Procedures
For supporting the use of the existing Rel-16 PRS and SRS for positioning for NR carrier phase positioning, it is expected that the higher layer signaling and procedures need to be enhanced for the configuration, the request and the report of new measurements and information for NR carrier phase positioning of the target UE and the PRU for both UE-based and UE-assisted carrier phase positioning.
[bookmark: P13]Proposal 13: Suggest including the following TP in the TR (for potential specification impact):
· Higher-layer signalling and procedures need to be enhanced for supporting NR carrier phase positioning, which include at least:
· Enabling a UE to measure and report the carrier phase measurements and additional information to be introduced for NR CPP, which may be reported together with the existing positioning measurements and information.
· Enabling the use of the PRU for supporting NR double differential carrier phase positioning for both UE-based and UE-assisted carrier phase positioning
[bookmark: _GoBack]A correction to TR 38.859
In Draft TR 38.859, v.0.2.0, Section 6.3.2 [21], it says:
	[bookmark: _Toc117437913]6.3.2	Summary of Evaluations for NR Carrier Phase 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 ([73], [75], [76], [77]) show that the initial phases of the transmitter and the receiver can be removed effectively by the double differential technique with the use of PRU:
· ….
· Source [75] shows the positioning accuracy of <1cm (80%) for Inf-SH and <1cm (50%) for Inf-DH can be reached under the condition that the PRU is located at a fixed location in LOS of the TRP.



The above high-lighted text refers incorrectly to our previous contribution (Source [75]) for the Inf-DH results. We suggest make the following correction based on the evaluation results provided in Section 4.3.5 in this contribution. 

[bookmark: P14]Proposal 14: Adopt the following TP modification for TR 38.859 (Section 6.3.2):
==== START of TP for TR 38.859 ====
6.3.2 Summary of Evaluations for NR Carrier Phase Positioning
<Unrelated part omitted>
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 ([73], [75], [76], [77]) show that the initial phases of the transmitter and the receiver can be removed effectively by the double differential technique with the use of PRU:
· Source [73] shows the positioning accuracy of <1cm (80%) for InfInF-SH and < 1cm (50%) for InfInF-DH can be reached when the PRU is located within a distance of 5m from the target UE.
· Source [75](R1-2211205) shows the positioning accuracy of <1cm (80%) for InfInF-SH and <14.6cm (50%) for InfInF-DH can be reached under the under condition that the PRU is located a fixed location in LOS of the TRP.
==== END of TP ====


Conclusion
In this contribution, we further discuss NR CPP with performance evaluation and give the following observations and proposals.
Observation 1: Carrier phase measurements from multiple carrier frequencies are very helpful for fast resolution of the integer ambiguity (Note: This is especially important for NR, where obtaining the CPP solution by using a single short carrier phase measurement is highly desirable due to the positioning signals are transmitted periodically. In comparison, GNSS signals are transmitted continuously).
Observation 2: It is feasible to reach the centimeter-level positioning accuracy by the use of carrier phase measurements when additional error sources are not considered.
· For InF-SH scenario, NR carrier phase positioning accuracy is much higher than TDOA positioning accuracy under the same evaluation assumption:
· DD DL-TDOA (Case 1): 7.2cm (@50%) and 11.7cm (@80%).
· DL-CPP (single carrier frequency) (Cases 2): <1.0cm (@50%) and <1.0cm (@80%).
· DD DL-CPP (single carrier frequency) (Cases 3): <1.0cm (@50%) and <1.0cm (@80%).
· DD DL-CPP (two subcarrier frequencies) (Case 4): <1.0cm (@50%) and <1.0cm (@80%).
· DD DL-CPP (two carrier frequencies) (Case 5): <1.0cm (@50%) and <1.0cm (@80%).
· For InF-DH scenario, NR carrier phase positioning accuracy is better than TDOA positioning accuracy when NR carrier phase measurements are available from only a single carrier frequency. When NR carrier phase measurements from multiple (sub)carrier frequencies are available, the positioning accuracy is much better than TDOA positioning accuracy, due to the improvement of the resolution of the integer ambiguity.
· DD DL-TDOA (Case 6): 8.3cm (@50%) and 12.3cm (@80%).
· DL-CPP (single carrier frequency) (Cases 7): 0.6cm (@50%) and 3.0cm (@80%).
· DD DL-CPP (single carrier frequency) (Cases 8): 4.6cm (@50%) and 14.8cm (@80%).
· DD DL-CPP (two carrier frequencies) (Case 9): 1.0cm (@50%) and 2.7cm (@80%).
 Observation 3: It is feasible to reach the centimeter-level positioning accuracy by the use of carrier phase measurements under the impact of practical TRP ARP location errors. NR carrier phase positioning accuracies for the evaluated cases are much higher than DL-TDOA positioning under the same evaluation assumptions.
· For InF-SH scenario with 1cm ARP error:
· DD DL-TDOA (Case 10): 8.5cm (@50%) and 12.1cm (@80%).
· DD DL-CPP (single carrier frequency) (Cases 11): <1.0cm (@50%) and 11.2cm (@80%).
· DD DL-CPP (two subcarrier frequencies) (Case 12): <1.0cm (@50%) and 1.79 cm (@80%).
· DD DL-CPP (two carrier frequencies) (Case 13): <1.0cm (@50%) and 1.3cm (@80%).
· For InF-SH scenario with 5cm ARP error:
· DD DL-TDOA (Case 14): 8.8cm (@50%) and 13.9cm (@80%).
· DD DL-CPP (two carrier frequencies) (Case 15): 3.3cm (@50%) and 5.6cm (@80%).
· For InF-DH scenario with 1cm ARP error:
· DD DL-TDOA (Case 16): 9.1cm (@50%) and 14.3cm (@80%).
· DD DL-CPP (two carrier frequencies) (Case 17): 1.5cm (@50%) and 3.3cm (@80%).
Observation 4: The TRP ARP error degrades the carrier phase positioning accuracy even when the double differential technique is used. However, NR CPP with the use of the carrier phases of multi-(sub)carriers is robust to TRP ARP error. The impact of the TRP ARP error is reduced significantly when the carrier phase measurements of two carrier frequencies are used.
Observation 5: The evaluation results show the impact of the frequency errors (including the CFO and oscillator-drift) on the carrier phase positioning can be eliminated by the use of the double differential technique (e.g., by comparing Case 18 and Case 19 in Table 3 with Case 3 and Case 8 in Table 1). 
Observation 6: The evaluation of results shows that UE/TRP antenna PCO degrades NR CPP positioning accuracy slightly when UE/TRP antenna PCO model of Example 1 is used (by comparing Cases 20/21 with Case 5 and comparing Cases 22/23 with Case 9). In this case, it is still feasible to reach the centimeter-level positioning accuracy by the use of carrier phase measurements.
· For InF-SH scenario:
· DD DL-CPP horizontal accuracy (Cases 20/21): < 1cm (@50%) and <1cm (@80%).
· For InF-DH scenario:
· DD DL-CPP horizontal accuracy (Cases 22/23): <=1.3cm (@50%) and <=2.8cm (@80%)
Observation 7: Single differential (SD) DL-CPP is affected by the initial phase offset and double differential technique fully eliminates the influence of initial phase offset. 
· InF-SH scenario:
· SD DL-CPP horizontal accuracy (Case 24): 6.8cm (@50%) and 12.8cm (@80%).
· DD DL-CPP horizontal accuracy (Case 25): < 1cm (@50%) and <1cm (@80%).
· InF-DH scenario:
· DD DL-CPP horizontal accuracy (Cases 26): 4.6cm (@50%) and 14.8cm (@80%).
Observation 8: It is feasible to reach the centimeter-level positioning accuracy by the use of carrier phase measurements when all of the error sources are considered.
· InF-SH scenario:
· DD DL-CPP horizontal accuracy (Case 27/28): < 1cm (@50%) and <2cm (@80%).
· InF-DH scenario:
· DD DL-CPP horizontal accuracy (Cases 29): 1.6cm (@50%) and 3.5cm (@80%).
Observation 9: Double differential technique can effectively eliminate the impact of the TRP and UE clock offsets, the TRP and UE initial phase offsets, CFO and the oscillator-drift. 
Observation 10: Multi-(sub)carriers NR carrier phase positioning is robust to TRP ARP error.
Proposal 1: Support UE/TRP to report the carrier phase measurements corresponding to multiple carrier frequencies of different carriers, or multiple subcarrier frequencies of the same or different carriers, for NR carrier phase positioning.
Proposal 2: In Rel-18, suggest focusing on the reporting of the carrier phase of the first path. The reporting of the carrier phases of the additional paths can be considered in a future release.
Proposal 3: For multipath mitigation for carrier phase measurements, the existing Rel-17 LOS/NLOS indicator can be reused.
Proposal 4: Support the reporting of other channel information for carrier phase positioning, which may include:
· RSRP and RSRPP;
· Measurement quality indications such as Rel-17 LOS/NLOS indicator, Rician factor, SINR and variance of CPP measurement.
Proposal 5: In Rel-18, suggest focusing on 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 can be considered in a future release.
Proposal 6: For the purpose of evaluation, the target horizontal position accuracy can be defined as X(=1)cm@80% for InF-SH, and Y(=1cm)@50% for InF-DH for carrier phase positioning.
Proposal 7: Suggest including the following TP in the TR (for potential specification impact):
· 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. In this way, there is no impact on the specification regarding to the reference signals for NR CPP in Rel-18. 
Proposal 8: Suggest including the following TP in the TR (for potential specification impact):
· New DL and UL measurements need to be introduced for supporting NR CPP, which at least include the following:
· For DL carrier phase positioning, the following candidate measurements are recommended to be considered in Rel-18 (down-selection is needed during the normative work):
· the difference between the carrier phase measured from the DL PRS signal(s) of the target TRP and the carrier phase measured from the DL PRS signal(s) of the reference TRP;
· the carrier phase measured from the DL PRS signal(s) of a TRP.
· For UL carrier phase positioning, the carrier phases measured from the UL SRS for positioning purpose are recommended to be introduced in Rel-18 as the UL carrier phase measurements.
Proposal 9: Suggest including the following TP in the TR (for potential specification impact):
· Reporting of NR DL/UL carrier phase measurements of multiple carrier frequencies (e.g., multiple PFLs and/or multiple subcarriers with the bandwidth of one PFL) are recommended for NR CPP.
Proposal 10: Suggest including the following TP in the TR (for potential specification impact):
· Additional information, which may also be needed for improving NR CPP performance, such as the information related to multipath mitigation, integer ambiguity resolution, can be considered if necessary.
Proposal 11: Suggest including the following TP in the TR (for potential specification impact):
· NR carrier phase positioning can be developed based on the enhancement of the existing physical layer procedures for the reporting of the new physical layer measurements for NR carrier phase positioning.
Proposal 12: Suggest including the following TP in the TR (for potential specification impact):
· Double differential carrier phases with the use of the PRU need to be supported for NR carrier phase positioning. From the physical layer perspective, no significant impact is identified for supporting the double differential carrier phase positioning with the use of the PRU.
Proposal 13: Suggest including the following TP in the TR (for potential specification impact):
· Higher-layer signalling and procedures need to be enhanced for supporting NR carrier phase positioning, which include at least:
· Enabling a UE to measure and report the carrier phase measurements and additional information to be introduced for NR CPP, which may be reported together with the existing positioning measurements and information.
· Enabling the use of the PRU for supporting NR double differential carrier phase positioning for both UE-based and UE-assisted carrier phase positioning
Proposal 14: Adopt the following TP modification for TR 38.859 (Section 6.3.2):
==== START of TP for TR 38.859 ====
6.3.2 Summary of Evaluations for NR Carrier Phase Positioning
<Unrelated part omitted>
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 ([73], [75], [76], [77]) show that the initial phases of the transmitter and the receiver can be removed effectively by the double differential technique with the use of PRU:
· Source [73] shows the positioning accuracy of <1cm (80%) for InfInF-SH and < 1cm (50%) for InfInF-DH can be reached when the PRU is located within a distance of 5m from the target UE.
· Source [75](R1-2211205) shows the positioning accuracy of <1cm (80%) for InfInF-SH and <14.6cm (50%) for InfInF-DH can be reached under the under condition that the PRU is located a fixed location in LOS of the TRP.
==== END of TP ====
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Appendix B: Text proposal on the evaluation results
[bookmark: _Toc112369723]B.4.X	Results from source [X]
[bookmark: _Toc112369724]B.4.X.1	Description of evaluation scenarios
Evaluation scenarios, key technologies, and assumptions for performance analysis of NR carrier phase positioning in perfect scenarios are provided in Table B.4.X.1-1.
Evaluation scenarios, key technologies, and assumptions for performance analysis of NR carrier phase positioning with the TRP ARP error are provided in Table B.4.X.1-2.
Evaluation scenarios, key technologies, and assumptions for performance analysis of NR carrier phase positioning with the CFO and Oscillator-drift are provided in Table B.4.X.1-3.
Evaluation scenarios, key technologies, and assumptions for performance analysis of NR carrier phase positioning with the PCO are provided in Table B.4.X.1-4.
Evaluation scenarios, key technologies, and assumptions for performance analysis of NR carrier phase positioning with the initial phase offset are provided in Table B.4.X.1-5.
Evaluation scenarios, key technologies, and assumptions for performance analysis of NR carrier phase positioning with the TRP ARP error, frequency error, PCO, and initial phase offset are provided in Table B.4.X.1-6.
Figure B.4.X.1 presents the PRU setting in all double differential evaluation cases in Section B.4.X (Note: For the positioning of a target UE, only a single PRU with LOS to TRPs was selected for double differential operation). The value of D, W and L in InF-SH and InF-DH scenarios are given by TR 38.901.


Figure B.4.X.1: PRU setting for double differential operation









Table B.4.X.1-1: NR carrier phase positioning enhancements - evaluation scenarios and parameters in perfect scenarios from [X]
	Parameter
	[Case 1], [InF-SH]
	[Case 2], [InF-SH]
	[Case 3], [InF-SH]
	[Case 4], [InF-SH]
	[Case 5], [InF-SH]
	[Case 6], [InF-DH]
	[Case 7], [InF-DH]
	[Case 8], [InF-DH]
	[Case 9], [InF-DH]

	Scenario
[TR 38.855, TR 38.857]
	38.857
	38.857
	38.857
	38.857
	38.857
	38.857
	38.857
	38.857
	38.857

	Single carrier frequency, or multiple carrier frequencies, GHz
	Single
3.5 GHz
	Single
3.5 GHz
	Single
3.5 GHz
	Single
2.6 GHz
	Multiple, 3.45/3.55 GHz
	Single
3.5 GHz
	Single
3.5 GHz
	Single
3.5 GHz
	Multiple, 3.45/3.55 GHz

	Bandwidth, MHz
	100
	100
	100
	100
	100
	100
	100
	100
	100

	Subcarrier spacing, kHz
	30
	30
	30
	30
	30
	30
	30
	30
	30

	RS signal descriptions
(PRS or posSRS, Number of OFDM simbles, Comb size)
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6

	NR Carrier phase positioning method
(DL, UL, or DL+UL(RTT))
	None
	DL-CPP
	DL-CPP
	DL-CPP
	DL-CPP
	DL-CPP
	DL-CPP
	DL-CPP
	DL-CPP

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

	Carrier phase estimation techniques
(time-domain, freq-domain, references)
	None
	freq-domain
	freq-domain
	freq-domain
	freq-domain
	freq-domain
	freq-domain
	freq-domain
	freq-domain

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

	Integer ambiguity resolution techniques
(e.g., virtual Integer ambiguity, LAMBDA, cost functions, Least squares, …)
	None
	Integer least squares and cost functions
	Integer least squares and cost functions
	virtual Integer ambiguity
	virtual Integer ambiguity
	None
	Integer least squares and cost functions
	Integer least squares and cost functions
	virtual Integer ambiguity

	Multipath mitigation techniques
(e.g., first path detection, ...)
	first path detection
	first path detection
	first path detection
	first path detection
	first path detection
	first path detection
	first path detection
	first path detection
	first path detection

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

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

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

	UE/TRP Initial phase offset
	0
	0
	0
	0
	0
	0
	0
	0
	0

	CFO/Doppler
	0
	0
	0
	0
	0
	0
	0
	0
	0

	Oscillator-drifts
	0
	0
	0
	0
	0
	0
	0
	0
	0

	ARP errors
	0
	0
	0
	0
	0
	0
	0
	0
	0

	Phase Center Offsets
	0
	0
	0
	0
	0
	0
	0
	0
	0

	Phase noise (FR2)
	None
	None
	None
	None
	None
	None
	None
	None
	None

	PRU assumptions and additional notes, if any
	Four PRUs with LOS channel
	None
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	None
	Four PRUs with LOS channel
	Four PRUs with LOS channel




Table B.4.X.1-2: NR carrier phase positioning enhancements - evaluation scenarios and parameters with the TRP ARP error from [X]
	Parameter
	[Case 10], [InF-SH]
	[Case 11], [InF-SH]
	[Case 12], [InF-SH]
	[Case 13], [InF-SH]
	[Case 14], [InF-SH]
	[Case 15], [InF-SH]
	[Case 16], [InF-DH]
	[Case 17], [InF-DH]

	Scenario 
[TS 38.855, TS 38.857]
	38.857
	38.857
	38.857
	38.857
	38.857
	38.857
	38.857
	38.857

	Single carrier frequency, or multiple carrier frequencies, GHz
	Single
3.5 GHz
	Single
3.5 GHz
	Single
2.6 GHz
	Multiple, 3.45/3.55 GHz
	Single
3.5 GHz
	Multiple, 3.45/3.55 GHz
	Single
3.5 GHz
	Multiple, 3.45/3.55 GHz

	Bandwidth, MHz
	100
	100
	100
	100
	100
	100
	100
	100

	Subcarrier spacing, kHz
	30
	30
	30
	30
	30
	30
	30
	30

	RS signal descriptions
(PRS or posSRS, Number of OFDM simbles, Comb size)
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6

	NR Carrier phase positioning method 
(DL, UL, or DL+UL(RTT))
	None
	DL-CPP
	DL-CPP
	DL-CPP
	None
	DL-CPP
	None
	DL-CPP

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

	Carrier phase estimation techniques 
(time-domain, freq-domain, references)
	None
	freq-domain
	freq-domain
	freq-domain 
	None
	freq-domain 
	None
	freq-domain

	Differential positioning techniques if used 
(e.g., single differential, double differential, etc.)  
	double differential
	double differential
	double differential
	double differential
	double differential
	double differential
	double differential
	double differential

	Integer ambiguity resolution techniques 
(e.g., virtual Integer ambiguity, LAMBDA, cost functions, Least squares, …)
	None
	Integer least squares and cost functions
	virtual Integer ambiguity
	virtual Integer ambiguity
	None
	virtual Integer ambiguity
	None
	virtual Integer ambiguity

	Multipath mitigation techniques
(e.g., first path detection, ...) 
	first path detection
	first path detection
	first path detection
	first path detection
	first path detection
	first path detection
	first path detection
	first path detection

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

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

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

	UE/TRP Initial phase offset 
	0
	0
	0
	0
	0
	0
	0
	0

	CFO/Doppler
	0
	0
	0
	0
	0
	0
	0
	0

	Oscillator-drifts
	0
	0
	0
	0
	0
	0
	0
	0

	ARP errors
	1cm
	1cm
	1cm
	1cm
	5cm
	5cm
	1cm
	1cm

	Phase Center Offsets
	0
	0
	0
	0
	0
	0
	0
	0

	Phase noise (FR2)
	None
	None
	None
	None
	None
	None
	None
	None

	Additional notes, if any
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel



Table B.4.X.1-3: NR carrier phase positioning enhancements - evaluation scenarios and parameters with the CFO and Oscillator-drift from [X]
	Parameter
	[Case 18], [InF-SH]
	[Case 19], [InF-DH]

	Scenario 
[TS 38.855, TS 38.857]
	38.857
	38.857

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

	Bandwidth, MHz
	100
	100

	Subcarrier spacing, kHz
	30
	30

	RS signal descriptions
(PRS or posSRS, Number of OFDM simbles, Comb size)
	PRS
Comb-6
	PRS
Comb-6

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

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

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

	Differential positioning techniques if used 
(e.g., single differential, double differential, etc.)  
	double differential
	double differential

	Integer ambiguity resolution techniques 
(e.g., virtual Integer ambiguity, LAMBDA, cost functions, Least squares, …)
	Integer least squares and cost functions
	Integer least squares and cost functions

	Multipath mitigation techniques
(e.g., first path detection, ...) 
	first path detection
	first path detection

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

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

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

	UE/TRP Initial phase offset 
	0
	0

	CFO/Doppler
	[-100, +100] Hz for UE;
[-10, +10] Hz for TRP
	[-100, +100] Hz for UE;
[-10, +10] Hz for TRP

	Oscillator-drifts
	[-0.1, 0.1] ppm for UE, [-0.02, +0.02] ppm for TRP
	[-0.1, 0.1] ppm for UE, [-0.02, +0.02] ppm for TRP

	ARP errors
	0
	0

	Phase Center Offsets
	0
	0

	Phase noise (FR2)
	None
	None

	Additional notes, if any
	Four PRUs with LOS channel
	Four PRUs with LOS channel




Table B.4.X.1-4: NR carrier phase positioning enhancements - evaluation scenarios and parameters with the PCO from [X]
	Parameter
	[Case 20], [InF-SH]
	[Case 21], [InF-SH]
	[Case 22], [InF-DH]
	[Case 23], [InF-DH]

	Scenario 
[TS 38.855, TS 38.857]
	38.857
	38.857
	38.857
	38.857

	Single carrier frequency, or multiple carrier frequencies, GHz
	Multiple, 3.45/3.55 GHz
	Multiple, 3.45/3.55 GHz
	Multiple, 3.45/3.55 GHz
	Multiple, 3.45/3.55 GHz

	Bandwidth, MHz
	100
	100
	100
	100

	Subcarrier spacing, kHz
	30
	30
	30
	30

	RS signal descriptions
(PRS or posSRS, Number of OFDM simbles, Comb size)
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6

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

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

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

	Differential positioning techniques if used 
(e.g., single differential, double differential, etc.)  
	double differential
	double differential
	double differential
	double differential

	Integer ambiguity resolution techniques 
(e.g., virtual Integer ambiguity, LAMBDA, cost functions, Least squares, …)
	virtual Integer ambiguity
	virtual Integer ambiguity
	virtual Integer ambiguity
	virtual Integer ambiguity

	Multipath mitigation techniques
(e.g., first path detection, ...) 
	first path detection
	first path detection
	first path detection
	first path detection

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

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

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

	UE/TRP Initial phase offset 
	0
	0
	0
	0

	CFO/Doppler
	0
	0
	0
	0

	Oscillator-drifts
	0
	0
	0
	0

	ARP errors
	0
	0
	0
	0

	Phase Center Offsets
	dPhi in example 1
a=3, w=[-5deg, 5deg]
	dPhi in example 1
a=3, w=[-10deg, 10deg]
	dPhi in example 1
a=3, w=[-5deg, 5deg]
	dPhi in example 1
a=3, w=[-10deg, 10deg]

	Phase noise (FR2)
	None
	None
	None
	None

	Additional notes, if any
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel




Table B.4.X.1-5: NR carrier phase positioning enhancements - evaluation scenarios and parameters with the initial phase offset from [X]
	Parameter
	[Case 24], [InF-SH]
	[Case 25], [InF-SH]
	[Case 26], [InF-DH]

	Scenario 
[TS 38.855, TS 38.857]
	38.857
	38.857
	38.857

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

	Bandwidth, MHz
	100
	100
	100

	Subcarrier spacing, kHz
	30
	30
	30

	RS signal descriptions
(PRS or posSRS, Number of OFDM simbles, Comb size)
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6

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

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

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

	Differential positioning techniques if used 
(e.g., single differential, double differential, etc.)  
	single differential
	double differential
	double differential

	Integer ambiguity resolution techniques 
(e.g., virtual Integer ambiguity, LAMBDA, cost functions, Least squares, …)
	Integer least squares and cost functions
	Integer least squares and cost functions
	Integer least squares and cost functions

	Multipath mitigation techniques
(e.g., first path detection, ...) 
	first path detection
	first path detection
	first path detection

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

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

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

	UE/TRP Initial phase offset 
	UE and TRP Initial phase offset
	UE and TRP Initial phase offset
	UE and TRP Initial phase offset

	CFO/Doppler
	0
	0
	0

	Oscillator-drifts
	0
	0
	0

	ARP errors
	0
	0
	0

	Phase Center Offsets
	0
	0
	0

	Phase noise (FR2)
	None
	None
	None

	Additional notes, if any
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel




Table B.4.X.1-6: NR carrier phase positioning enhancements - evaluation scenarios and parameters with TRP ARP error, frequency error, PCO, and initial phase offset from [X]
	Parameter
	[Case 27], [InF-SH]
	[Case 28], [InF-SH]
	[Case 29], [InF-DH]

	Scenario 
[TS 38.855, TS 38.857]
	38.857
	38.857
	38.857

	Single carrier frequency, or multiple carrier frequencies, GHz
	Single, 2.6 GHz
	Multiple, 3.45/3.55 GHz
	Multiple, 3.45/3.55 GHz

	Bandwidth, MHz
	100
	100
	100

	Subcarrier spacing, kHz
	30
	30
	30

	RS signal descriptions
(PRS or posSRS, Number of OFDM simbles, Comb size)
	PRS
Comb-6
	PRS
Comb-6
	PRS
Comb-6

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

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

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

	Differential positioning techniques if used 
(e.g., single differential, double differential, etc.)  
	double differential
	double differential
	double differential

	Integer ambiguity resolution techniques 
(e.g., virtual Integer ambiguity, LAMBDA, cost functions, Least squares, …)
	virtual Integer ambiguity
	virtual Integer ambiguity
	virtual Integer ambiguity

	Multipath mitigation techniques
(e.g., first path detection, ...) 
	first path detection
	first path detection
	first path detection

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

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

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

	UE/TRP Initial phase offset 
	UE and TRP Initial phase offset
	UE and TRP Initial phase offset
	UE and TRP Initial phase offset

	CFO/Doppler
	[-100, +100] Hz for UE;
[-10, +10] Hz for TRP
	[-100, +100] Hz for UE;
[-10, +10] Hz for TRP
	[-100, +100] Hz for UE;
[-10, +10] Hz for TRP

	Oscillator-drifts
	[-0.1, 0.1] ppm for UE, [-0.02, +0.02] ppm for TRP
	[-0.1, 0.1] ppm for UE, [-0.02, +0.02] ppm for TRP
	[-0.1, 0.1] ppm for UE, [-0.02, +0.02] ppm for TRP

	ARP errors
	1cm
	1cm
	1cm

	Phase Center Offsets
	dPhi in example 1
a=3, w=[-5deg, 5deg]
	dPhi in example 1
a=3, w=[-5deg, 5deg]
	dPhi in example 1
a=3, w=[-5deg, 5deg]

	Phase noise (FR2)
	None
	None
	None

	Additional notes, if any
	Four PRUs with LOS channel
	Four PRUs with LOS channel
	Four PRUs with LOS channel











[bookmark: _Toc112369725]B.4.X.2	Positioning accuracy evaluation results for NR Carrier Phase Positioning
Table B.4.X.2-1 provides horizontal positioning accuracy results using NR carrier phase positioning in perfect scenarios.
Table B.4.X.2-2 provides horizontal positioning accuracy results using NR carrier phase positioning with the TRP ARP error.
Table B.4.X.2-3 provides horizontal positioning accuracy results using NR carrier phase positioning with the CFO and Oscillator-drift.
Table B.4.X.2-4 provides horizontal positioning accuracy results using NR carrier phase positioning with the PCO.
Table B.4.X.2-5 provides horizontal positioning accuracy results using NR carrier phase positioning with the initial phase offset.
Table B.4.X.2-6 provides horizontal positioning accuracy results using NR carrier phase positioning with the TRP ARP error, frequency error, PCO, and initial phase offset.

Table B.4.X.2-1: NR carrier phase positioning - horizontal accuracy in perfect scenarios from [X]
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1] cm 
@50%
	[Y=1] cm
@80%
	

	Case 1, InF-SH,
Single-carrier, 100MHz, DD DL-TDOA
	0.072 
	0.102 
	0.117 
	0.127 
	No
	No
	

	Case 2, InF-SH,
Single-freq, 100MHz, DL-CPP
	0.002 
	0.003 
	0.004 
	0.012 
	Yes
	Yes
	

	Case 3, InF-SH,
Single-freq, 100MHz, Double differential (DD) DL-CPP
	0.003 
	0.004 
	0.007 
	0.090 
	Yes
	Yes
	

	Case 4, InF-SH,
Single-freq (carrier phases of 2 subcarriers within one PFL), 100MHz, DD DL-CPP
	0.004 
	0.005 
	0.008 
	0.012 
	Yes
	No
	

	Case 5, InF-SH
Two-freq, 100MHz, DD DL-CPP.
	0.003 
	0.004 
	0.005 
	0.007 
	Yes
	Yes
	

	Case 6, InF-DH,
Single-carrier, 100MHz, DD DL-TDOA
	0.083 
	0.113 
	0.123 
	0.192 
	No
	No
	

	Case 7, InF-DH,
Single-freq, 100MHz, DL-CPP
	0.006 
	0.020 
	0.030 
	0.096 
	Yes
	No
	

	Case 8, InF-DH,
Single-freq, 100MHz, DD DL-CPP
	0.046 
	0.095 
	0.148 
	0.217 
	No
	No
	

	Case 9, InF-DH
Two-freq, 100MHz, DD DL-CPP 
	0.010 
	0.019 
	0.027 
	0.034 
	Yes
	No
	



Table B.4.X.2-2: NR carrier phase positioning - horizontal accuracy with the TRP ARP error from [X]
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1cm]
@50%
	[Y=1cm]
@80%
	

	Case 10, InF-SH
Single-carrier, 100MHz, ARP error 1cm, DD DL-TDOA 
	0.085 
	0.105 
	0.121 
	0.154 
	No
	No
	

	Case 11, InF-SH
Single-freq, 100MHz, ARP error 1cm, DD DL-CPP
	0.009 
	0.091 
	0.112 
	0.182 
	Yes
	No
	

	Case 12, InF-SH
Single-freq (carrier phases of 2 subcarriers within a single PFL), 100MHz, ARP error 1 cm, DD DL-CPP
	0.008 
	0.015 
	0.019 
	0.026 
	Yes
	No
	

	Case 13, InF-SH
Two-freq, 100MHz, ARP error 1 cm, DD DL-CPP
	0.007 
	0.010 
	0.013 
	0.018 
	Yes
	No
	

	Case 14, InF-SH
Single- carrier, 100MHz, ARP error 5 cm, DD DL-TDOA 
	0.088 
	0.105 
	0.139 
	0.163 
	No
	No
	

	Case 15, InF-SH
Two-freq, 100MHz, ARP error 5 cm, DD DL-CPP
	0.033 
	0.046 
	0.056 
	0.069 
	No
	No
	

	Case 16, InF-DH
Single- carrier, 100MHz, ARP error 1cm, DD DL-TDOA 
	0.091 
	0.116 
	0.143 
	0.189 
	No
	No
	

	Case 17, InF-DH
Two-freq, 100MHz, ARP error 1 cm, DD DL-CPP
	0.015 
	0.022 
	0.033 
	0.053 
	No
	No
	




Table B.4.X.2-3: NR carrier phase positioning - horizontal accuracy with the CFO and Oscillator-drift from [X]
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1cm]
@50%
	[Y=1cm]
@80%
	

	Case 18, InF-SH
Single-freq, 100MHz, DD DL-CPP;
CFO TRP10Hz and UE100Hz, Oscillator-drift TRP 0.02ppm, UE 0.1ppm, 6 OFDM symbol of a DL-PRS resource
	0.003 
	0.004 
	0.007 
	0.090 
	Yes
	Yes
	

	Case 19, InF-DH,
Single-freq, 100MHz, DD DL-CPP;
CFO TRP10Hz and UE100Hz, Oscillator-drift TRP 0.02ppm, UE 0.1ppm, 6 OFDM symbol of a DL-PRS resource
	0.046 
	0.095 
	0.148 
	0.217 
	No
	No
	



Table B.4.X.2-4: NR carrier phase positioning - horizontal accuracy with the PCO from [X]
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1cm]
@50%
	[Y=1cm]
@80%
	

	Case 20, InF-SH,
Two-freq, 100MHz, DD DL-CPP; PCO, dPhi in Example 1; a=3, w=[-5deg, 5deg]
	0.004 
	0.005 
	0.006 
	0.009 
	Yes
	Yes
	

	Case 21, InF-SH,
Two-freq, 100MHz, DD DL-CPP; PCO, dPhi in Example 1; a=3, w=[-10deg, 10deg] 
	0.004 
	0.005 
	0.007 
	0.010 
	Yes
	Yes
	

	Case 22, InF-DH,
Two-freq, 100MHz, DD DL-CPP; PCO, dPhi in Example 1; a=3, w=[-5deg, 5deg]
	0.010 
	0.020 
	0.027 
	0.035 
	Yes
	No
	

	Case 23, InF-DH,
Two-freq, 100MHz, DD DL-CPP; PCO, dPhi in Example 1; a=3, w=[-10deg, 10deg] 
	0.013 
	0.020 
	0.028 
	0.044 
	No
	No
	



Table B.4.X.2-5: NR carrier phase positioning - horizontal accuracy with the initial phase offset from [X]
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1cm]
@50%
	[Y=1]cm
@80%
	

	Case 24, InF-SH
Single-freq, 100MHz, SD DL-CPP
	0.068 
	0.100 
	0.128 
	0.151 
	No
	No
	

	Case 25, InF-SH
Single-freq, 100MHz, DD DL-CPP
	0.002 
	0.003 
	0.004 
	0.012 
	Yes
	Yes
	

	Case 26, InF-DH
Single-freq, 100MHz, DD DL-CPP
	0.046 
	0.095 
	0.148 
	0.217 
	No
	No
	



Table B.4.X.2-6: NR carrier phase positioning - horizontal accuracy with the TRP ARP error, frequency error, PCO, and initial phase offset from [X]
	[Case ID], [Scenario], [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	[X=1cm]
@50%
	[Y=1]cm
@80%
	

	Case 27, InF-SH, Single-freq (carrier phases of 2 subcarriers within a single PFL), 100MHz, DD DL-CPP,
ARP error 1cm; CFO TRP10Hz and UE100Hz, Oscillator-drift TRP 0.02ppm and UE 0.1ppm,6 OFDM symbol;
PCO, dPhi in example 1, a=3, w=[-5deg, 5deg];
Random initial phase
	0.009 
	0.019 
	0.020 
	0.029 
	Yes
	No
	

	Case 28, InF-SH, Two-freq, 100MHz, DD DL-CPP,
ARP error 1cm; CFO TRP10Hz and UE100Hz, Oscillator-drift TRP 0.02ppm and UE 0.1ppm,6 OFDM symbol;
PCO, dPhi in example 1, a=3, w=[-5deg, 5deg];
Random initial phase
	0.008 
	0.012 
	0.017 
	0.023 
	Yes
	No
	

	Case 29, InF-DH, Two-freq, 100MHz, DD DL-CPP,
ARP error 1cm; CFO TRP 10Hz and UE 100Hz, Oscillator-drift TRP 0.02ppm and UE 0.1ppm,6 OFDM symbol;
PCO, dPhi in example 1, a=3, w=[-5deg, 5deg];
Random initial phase
	0.016 
	0.024 
	0.035 
	0.058 
	No
	No
	






image2.emf
Divide 

CFR 

vector into 

3 

subvectors

Subvector#2

Subvector#1

Single 

CC/PFL (e.g., 

BW=100MHz)

Wireless 

channel

POA2 at 

fc2

POA1 at 

fc1

IDFT

+ MMPN

+ DFT

IDFT

+ MMPN

+ DFT

FFT+ 

RE Demapping


oleObject1.bin
Divide CFR vector into 3 subvectors



image3.emf
PRU

gNB/TRP

D

D/2

L

W

D D/2

D/2 D/2

D/2

D/2

D

D/2

D/2

D/2

D/2

D

D D


oleObject2.bin

image4.emf
PRU

gNB/TRP

D

D/2

L

W

D D/2

D/2 D/2

D/2

D/2

D

D/2

D/2

D/2

D/2

D

D D


oleObject3.bin

image1.jpeg
= =L
wavelength A —»2Z =2

1A

virtual wavelengthlr/

Initial positioning error

/& sea.rch/spﬂce

Virtual TA





