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Introduction
In this paper, we discuss the evaluation and further solutions for NR carrier phase positioning.

Theoretical analysis
Single frequency carrier phase
The carrier phase measurement can be used for positioning because it is related with to the distance between the gNB and the UE. The specific relationship is show as follows:
	
	
	(1)


where d is the distance between the gNB and the UE; c is the speed of light;  is the corresponding carrier phase integer ambiguity and is an integer;  is the carrier frequency;  is the corresponding carrier phase measurement. The following figure shows the relationship between carrier phase and distance.
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Figure 1 relationship between carrier phase and distance
In order to estimate the distance , it is necessary to estimate the integer ambiguity  correctly. Only when the integer ambiguity is estimated correctly, the carrier phase positioning method can achieve high accuracy positioning. The integer ambiguity and the UE position can be solved by using multiple gNB Antenna Reference Point (ARP) positions and the integer property of the integer ambiguity. 
Multi-frequency carrier phase
Multiple carrier phases can be measured at different subcarrier. Carrier phases corresponding to virtual frequencies may be synthesized by using carrier phases on different frequencies.
Assumed that the carrier phases measured on multiple frequencies  are , the carrier phase measurement value on the i-th frequency satisfies the following formula:
	
	
	(2)


where d is the distance between the gNB and the UE; c is the speed of light;  is the corresponding carrier phase integer ambiguity.
The multi-frequency carrier phase measurements can be linearly combined to generate the virtual carrier phase measurement corresponding to the virtual frequency:
	
	
	(3)


where  is the virtual carrier phase measurement and  is the corresponding virtual frequency;  is the linear combination coefficient and is an integer;  is the corresponding carrier phase integer ambiguity. K virtual frequencies with gradients  can be synthesized using different linear combination coefficients and the corresponding carrier phases are  .
The integer ambiguity corresponding to the low frequency  is solved by using the coarse range measurements firstly. 
	
	
	(4)


where  indicates rounding.
Combining with the carrier phase corresponding to , the ranging result  with improved accuracy can be obtained.
	
	
	(5)


Further, the integer ambiguity  corresponding to  can be obtained by bringing  to (4). In this way, the integer ambiguity is determined step by step, and a high-accuracy ranging result corresponding to the high frequency can be obtained.
PRU deployment and double difference carrier phase
To overcome the gNB carrier phase synchronization error, positioning reference unit (PRU) as discussed in Rel-17 can be considered.
It is well understood that PRU can mitigate the gNB timing synchronization error and group delay error, which now can also be applied to the carrier phase synchronization error. PDOA using PRU is also referred to as double difference methods.
The double difference carrier phase (inter-UE inter-gNB difference) can be calculated by:
	
	
	(6)


where  represents the double difference propagation delay between PRU, target UE, i-th gNB and j-th gNB. 

Target requirement for positioning using carrier phase measurement
As explained, positioning using carrier phase measurement can achieve extremely high accuracy, to the level of centimeters and millimeters, yet the availability of such a high accuracy depends on whether the integer ambiguity can be properly resolved. In addition, there may also be implementation impairments as discussed in Section 4 of the paper that hinder the wide coverage of such a service.
We think that 50% should be considered as the starting point in Rel-18, so that at least for half the cases/time, the integer ambiguity resolution is successful.
Proposal 1:  Rel-18 shall target the accuracy requirement of 1cm@50% for positioning using carrier phase measurement.

Imperfect factors and effective solutions
For carrier phase measurement, there are many imperfect factors, including time synchronization error, random initial phase error, gNB ARP position error and clock frequency offset. Assumed that the channel response between UE and the-th gNB is:
	
	
	(7)


And the carrier phase measurement value is:
	
	
	(8)


where  is the transmission delay between UE and the -th gNB,  is the time synchronization error of the -th gNB,  are the random initial phase error of UE and the -th gNB, is the carrier phase integer ambiguity between UE and the -th gNB.
Carrier phase time synchronization error
For the ideal case of location via PDOA, it is assumed that the RF carrier phase between TRPs are perfectly synchronized. However it may not be the case for some commercial deployments. This is analogous to gNB synchronization error for TDOA methods.
To eliminate time synchronization errors, PRU can be applied to calculate the double difference carrier phase. The carrier phase measurement value between PRU and the-th gNB is:
	
	
	(9)


where  is the transmission delay between PRU and the -th gNB,  is the time synchronization error between PRU and the -th gNB,  are the random initial phase error of PRU and the -th gNB,  is the carrier phase integer ambiguity between PRU and the -th gNB. 
The single difference carrier phase between UE, -th gNB and -th gNB is:
	
	
	(10)


The single difference carrier phase between PRU, -th gNB and -th gNB is:
	
	
	(11)


The double difference carrier phase between PRU, UE, i-th gNB and -th gNB is:
	
	
	(12)


The time synchronization error can be eliminated.
Observation 1: Double difference carrier phase can eliminate the time synchronization error of gNBs. 
Random initial phase error 
In the above analysis, for the carrier phase measurement, there are random initial phase error of the UE and gNBs. The single difference carrier phase can be used to eliminate the random initial phase error.
The single difference carrier phase between UE, -th gNB and -th gNB is:
	
	
	(13)


The random initial phase error of UE can be eliminated.
And the single difference carrier phase between PRU, UE and i-th gNB is:
	
	
	(14)


The random initial phase error of gNB can be eliminated.
Observation 2: Single difference carrier phase between gNBs can eliminate the random initial phase error of UE.
Observation 3: Single difference carrier phase between UE and PRU can eliminate the random initial phase error of gNBs. 
gNB ARP position error
For the carrier phase positioning, the gNB Antenna Reference Point (ARP) position error will cause the mismatch between phase measurement and UE-gNB distance, which affects the positioning accuracy.
If we assume that the previous analysis is based on the ground truth of the gNB ARP, i.e. BS1, BS2, BS3 shown in Figure 2, the carrier phase measurement is also sufficiently accurate in accordance with the gNB ARP ground truth. However, the position fix engine may use the gNB position with some error, i.e. BS1’, BS2’, BS3’ as shown in Figure 2.
Modeling of the gNB ARP position error can be done via:
Use the ground truth of gNB ARP position for channel generation.
Use the deviated gNB ARP position for position fix.
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[bookmark: _Ref101791495]Figure 2 the schematic drawing for the gNB ARP error
In the Global Navigation Satellite System (GNSS), the double difference carrier phase positioning technique can eliminate the influence of the satellite ARP position error because the satellite is so far away from the UE that the direction from the satellite to the PRU and the direction from the satellite to the UE can be approximately the same. However, the distance from the gNB to the UE is much smaller than the distance from the satellite to the UE. Therefore, the double difference carrier phase positioning can only eliminate the influence of some gNB ARP position errors.
Besides, the gNB ARP position errors do not affect the integer ambiguity determination of multi-frequency carrier phase positioning, although they affects the final UE position by the same order of errors, which is relatively small. As a comparison, multiple gNB ARP positions are necessary when computing the cost function in single frequency carrier phase method. So multi-frequency carrier phase method is robust to gNB ARP position errors. 
Clock Frequency Offset (CFO)
In the above analysis, the impact from the clock frequency offset between gNB and UE is not considered. If such a frequency offset needs to be modelled, (8) can be rewritten as:
	
	
	(15)


where  is the clock frequency offset of -th gNB. For one-shot measurement, the clock frequency offset can be viewed as different synchronization error. Assume that UE and PRU are located closely to each other, so the double difference carrier phase between PRU, UE, i-th gNB and -th gNB can be used to eliminate most of the clock frequency offset.
Summary of impairments and solutions
With the above analysis, the time synchronization error, random initial phase error, gNB ARP position error and clock frequency offset will affect the carrier phase measurement and the carrier phase positioning accuracy. The time synchronization error of gNBs and clock frequency offset can be eliminated by double difference carrier phase. And the random initial phase error of UE and gNB can be eliminated by single difference carrier phase between gNBs and between UE and PRU. For the gNB ARP error, the double difference carrier phase and multi-frequency carrier phase can be used to eliminate the influence of some gNB ARP error. The following table summarizes the imperfect factors and effective solutions.
[bookmark: _Ref78532785]Table 1	Summary of imperfect factors and effective solutions
	Effective solutions


Imperfect factors
	Single difference carrier phase between gNBs
	Single difference carrier phase between UE and PRU
	Double difference carrier phase
	Multi-frequency carrier phase
	Double difference and multi-frequency carrier phase

	gNBs time synchronization error
	No
	Yes
	Yes
	No
	Yes

	gNB Random initial phase error
	No
	Yes
	Yes
	No
	Yes

	UE Random initial phase error
	Yes
	No
	Yes
	No
	Yes

	Clock Frequency Offset
	No
	Yes
	Yes
	No
	Yes

	gNB ARP position error
	No
	No
	Partly [1]
	Robust [2]
	Robust

	Note [1]: It means that part of the errors can be eliminated.
Note [2]: It means that the integer ambiguity solution is not affected by the error.



We have the following proposals:
Proposal 2: The double difference carrier phase and multi-frequency carrier phase should be considered for carrier phase positioning.

Simulation assumption and Evaluation results
General simulation assumption
For the purpose of evaluating the accuracy achieved by positioning using carrier phase measurement, we suggest to consider the following simulation assumptions for InF-SH and InF-DH scenarios.
	
	FR1 Specific Values

	Carrier frequency, GHz 
	3.5GHz 2.6 GHz

	Bandwidth, MHz
	20MHz 100MHz

	Subcarrier spacing, kHz
	30kHz 

	gNB model parameters 
	

	gNB noise figure, dB
	5dB

	UE model parameters 
	

	UE noise figure, dB
	9dB – Note 1

	UE max. TX power, dBm
	23dBm – Note 1

	UE antenna configuration
	Panel model 1 – Note 1
Mg = 1, Ng = 1, P = 2, dH = 0.5λ,
(M, N, P, Mg, Ng) = (1, 2, 2, 1, 1)

	UE antenna radiation pattern 
	Omni, 0dBi

	PHY/link level abstraction
	Explicit simulation of all links, individual parameters estimation is applied. Companies to provide description of applied algorithms for estimation of signal location parameters.

	Network synchronization
	The network synchronization error, per UE dropping, is defined as a truncated Gaussian distribution of (T1 ns) rms values between an eNB and a timing reference source which is assumed to have perfect timing, subject to a largest timing difference of T2 ns, where T2 = 2*T1
–	That is, the range of timing errors is [-T2, T2]
–	T1:	0ns (perfectly synchronized), 50ns (Optional)

	Network carrier phase synchronization
	Random within [0:2pi]

	UE/Network carrier frequency synchronization
	See 4.1

	gNB ARP position error
	See 4.3

	Note 1: 	According to TR 38.802
Note 2: 	According to TR 38.901



Other parameters according to InF-SH/DH as defined in TR 38.857.
	
	FR1 Specific Values 

	Channel model
	InF-SH, InF-DH

	Layout 
	Hall size
	InF-SH: 
(baseline) 300x150 m 
(optional) 120x60 m
InF-DH: 
(baseline) 120x60 m
(optional) 300x150 m

	
	BS locations
	18 BSs on a square lattice with spacing D, located D/2 from the walls.
-	for the small hall (L=120m x W=60m): D=20m
-	for the big hall (L=300m x W=150m): D=50m

[image: ]

	
	Room height
	10m

	Total gNB TX power, dBm
	24dBm

	gNB antenna configuration
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ – Note 1


	gNB antenna radiation pattern
	Single sector – Note 1

	Penetration loss
	0dB

	Number of floors
	1

	UE horizontal drop procedure
	Uniformly distributed over the horizontal evaluation area for obtaining the CDF values for positioning accuracy, The evaluation area should be 
- (baseline) at least the convex hull of the horizontal BS deployment.
- (optional) It can also be the whole hall area if the CDF values for positioning accuracy is obtained from whole hall area. 

	UE antenna height
	Baseline: 1.5m
(Optional): uniformly distributed within [0.5, X2]m, where X2 = 2m for scenario 1(InF-SH) and X2=[image: ][image: ] for scenario 2 (InF-DH)  

	UE mobility
	3km/h 

	Min gNB-UE distance (2D), m
	0m

	gNB antenna height
	Baseline: 8m
(Optional): two fixed heights, either {4, 8} m, or {max (4,[image: ][image: ]), 8}.

	Clutter parameters: {density [image: ][image: ], height [image: ][image: ],size [image: ][image: ]}
	Low clutter density: 
{20%, 2m, 10m}
High clutter density:
- Baseline): {40%, 2m, 2m} for fixed UE antenna height and gNB antenna height
- (Optional): {40%, 3m, 5m}
- (Optional): {60%, 6m, 2m}

	Note 1:	According to Table A.2.1-7 in TR 38.802



Positioning Procedure utilizing carrier phase measurements
The search modes of integer ambiguity space or positioning solution space and carrier phase position methods have been introduced in [1]. The carrier phase positioning procedure in the simulation evaluation is introduced in the section.
After the carrier phase measurement is obtained, it satisfies the following formula.
	
	
	(16)


	where  is the number of gNBs used for positioning,  is the three-dimensional coordinate of the UE position to be solved,   is the three-dimensional coordinate of the i-th gNB,  is the carrier phase measurement corresponding to i-th gNB,  is the integer ambiguity corresponding to i-th gNB. There are M equations and M+3 unknown variables, including  and .
Then, the carrier phase positioning procedure is shown in the following figure, which has four steps.
[image: ]
Figure 3 the carrier phase positioning procedure
In step 1, the first three integer ambiguity search ranges can be obtained:
	
	
	(17)


where  is the computed distance between the UE and the i-th gNB by using the rough position,  is range of distance errors, which can be deduced from the rough position error, [] is the rounding operation,  is an integer. For example, the rough position can come from the TDOA solution. 
After the first three integer ambiguities are fixed, M unknowns remain. Therefore, in step 2 and step 3, (16) is linearized, and the UE position is obtained by the Newton iteration. A UE position can be obtained in each integer ambiguity search point and a cost function is calculated 
	
	
	(18)


where  is the computed UE position,  is the computed integer ambiguity corresponding to i-th gNB and may be not an integer. 
Finally, in step 4, the minimum cost function value is found in the search space and the corresponding UE position is output. The single difference and double difference carrier phase positioning procedure can be similarly deduced after the single difference and double difference carrier phase measurements are obtained.
Double difference carrier phase positioning
To compare the performance, we present the positioning accuracy in the InF-SH and InF-DH scenario with the signal bandwidth of 20 MHz and 100 MHz, respectively. The UL-TDOA is evaluated as a comparison. 
Considering the imperfect factors, we assume that gNBs are asynchronous and the time synchronization error is 0.3 ns or the signals have random initial phase. The distance between the PRU and the UE is 5 meters. The simulation results of double difference carrier phase positioning are as follows:
[image: ] [image: C:\Users\l00610669\AppData\Roaming\eSpace_Desktop\UserData\l00610669\imagefiles\D5F8E3D6-F6AE-4B97-8912-C482B82FEAE6.png]
Figure 4 the CDF curve of double difference carrier phase positioning under asynchronous conditions
	Simulation Settings
	Scenario
	Positioning method
	Positioning Error

	
	
	
	50%
	67%
	80%
	90%

	FR1, 3.5G, 100MHz, 30kHz SCS, 7 TRPs
	InF-SH
	UL-TDOA
	0.05813m
	0.08235m
	0.11877m
	0.1864m

	
	
	Carrier phase
	0.00032m
	0.00059m
	0.00109m
	0.00225m

	
	InF-DH
	UL-TDOA
	0.07652m
	0.11877m
	0.193m
	0.46674m

	
	
	Carrier phase
	0.00278m
	0.882m
	1.4914m
	3.03m

	FR1, 3.5G, 20MHz, 30kHz SCS, 7 TRPs
	InF-SH
	UL-TDOA
	0.56452m
	0.8819m
	1.3966m
	2.38m

	
	
	Carrier phase
	0.00160m
	0.00305m
	0.012024m
	2.3303m

	
	InF-DH
	UL-TDOA
	1.2476m
	2.2042m
	3.447m
	8.757m

	
	
	Carrier phase
	1.6559m
	2.8929m
	5.4561m
	25.5628m



The simulation results show that the double difference carrier phase technique can eliminate the imperfect factors, such as time synchronization error among gNBs and random initial phase. In the InF-DH scenario, the proportion of NLOS paths is higher, which decreases the carrier phase estimation accuracy. As a result, the positioning accuracy decreases. Although the carrier phase positioning accuracy is not affected by the signal bandwidth theoretically, a smaller bandwidth will decrease the resolution capability of different paths, and therefore the carrier phase positioning accuracy will also decrease.
Evaluation of gNB ARP position error
In this section, we provided our evaluation results of double difference carrier phase positioning for the cases with gNB ARP position errors. 
Figure 5 shows the evaluation results for different gNB ARP position errors under InF-SH with 100MHz positioning for double difference method. Figure 6 shows the evaluation results under InF-DH. The stair-case CDF plot shows the impact on the integer ambiguity resolution with a step size of a wavelength. The distance between the PRU and the UE is 5 meters and 20 meters, respectively.
 [image: ][image: ]
[bookmark: _Ref102063515]Figure 5 double difference carrier phase positioning with different gNB ARP position errors under InF-SH
	Simulation Settings
	PRU Distance
	ARP Position Error
	Positioning Error

	
	
	
	50%
	67%
	80%
	90%

	FR1, 3.5G, 100MHz, 30kHz SCS, 7 TRPs
	5m
	0
	0.00038m
	0.00073m
	0.00129m
	0.00345m

	
	
	0.01m
	0.00268m
	0.00448m
	0.00850m
	1.2368m

	
	
	0.02m
	0.00536m
	0.18741m
	1.2644m
	1.8992m

	
	
	0.05m
	0.96451m
	1.4739m
	1.9007m
	2.2446m

	
	
	0.1m
	1.4385m
	1.8007m
	2.0728m
	2.4735m

	
	20m
	0
	0.00045m
	0.00084m
	0.00161m
	0.00332m

	
	
	0.01m
	0.00454m
	0.00816m
	0.96796m
	1.7825m

	
	
	0.02m
	0.26933m
	1.2233m
	1.7637m
	2.1682m

	
	
	0.05m
	1.3076m
	1.7006m
	1.9992m
	2.3375m

	
	
	0.1m
	1.4616m
	1.813m
	2.0811m
	2.4732m



 [image: C:\Users\l00610669\AppData\Roaming\eSpace_Desktop\UserData\l00610669\imagefiles\856C6900-684B-4E13-9B5F-0CA63D1FF6E1.png][image: C:\Users\l00610669\AppData\Roaming\eSpace_Desktop\UserData\l00610669\imagefiles\BEAF92A0-9D63-4360-9EFC-263F83CCCA6C.png]
Figure 6 double difference carrier phase positioning with different gNB ARP position errors under InF-DH
	Simulation Settings
	PRU Distance
	ARP Position Error
	Positioning Error

	
	
	
	50%
	67%
	80%
	90%

	FR1, 3.5G, 100MHz, 30kHz SCS, 7 TRPs
	5m
	0
	0.00278m
	0.882m
	1.4914m
	3.03m

	
	
	0.01m
	0.89165m
	1.3300m
	1.8217m
	2.9167m

	
	
	0.02m
	1.1167m
	1.5278m
	2.1364m
	3.2811m

	
	
	0.05m
	1.2254m
	1.633m
	2.2203m
	3.4533m

	
	
	0.1m
	1.2459m
	1.6471m
	2.2445m
	3.358m

	
	20m
	0
	0.3028m
	1.0539m
	1.6888m
	4.1069m

	
	
	0.01m
	1.096m
	1.4932m
	2.1763m
	4.2037m

	
	
	0.02m
	1.2046m
	1.6225m
	2.2102m
	3.5672m

	
	
	0.05m
	1.2756m
	1.7608m
	2.3462m
	4.0478m

	
	
	0.1m
	1.2801m
	1.7216m
	2.298m
	4.2587m



The evaluation results show the carrier phase positioning accuracy decreases rapidly with the increase of gNB ARP position errors whether it is under InF-SH or InF-DH. When the gNB ARP position errors reach 5 cm, the double difference carrier phase positioning is difficult to meet the accuracy requirement of 1cm@50%. As the distance between the PRU and the UE increases, the carrier phase positioning accuracy will also deteriorate because the directions from the gNB to the PRU and the UE are more difficult to approximate the same.
Based on the evaluation results, we have the following observations.
Observation 4: The gNB ARP position error deteriorates the carrier phase positioning accuracy even the double difference method (with PRU) is used.
Evaluation of Multi-frequency carrier phase
In this section, we provided our evaluation results of multi-frequency carrier phase measurements, which are robust to gNB ARP position errors. In multi-frequency carrier phase method, the corresponding integer ambiguity can be determined step by step through virtual frequencies of different gradients as described in Section 2.2. The gNB ARP position errors does not affect the integer ambiguity determination, although they affect the final UE position by the same order of errors, which is relatively small. As a comparison, multiple gNB ARP positions are necessary when computing the cost function in single frequency carrier phase method [1]. So multi-frequency carrier phase method is robust to gNB ARP position errors. 
Figure 7 shows the evaluation results of different gNB ARP position errors under InF-SH for Multi-frequency carrier phase positioning method when the PRU is 5m away from the UE. The center carrier frequency is 2.6 GHz. The UL-TDOA and single-frequency carrier phase positioning are evaluated as a comparison.
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Figure 7 double difference carrier phase positioning when the PRU is 5m away from the UE 
	Simulation Settings
	PRU Distance
	ARP Position Error
	Positioning method
	Positioning Error

	
	
	
	
	50%
	67%
	80%
	90%

	FR1, 2.6G, 160MHz, 30kHz SCS, 7 TRPs
	5m
	0.02m
	Carrier phase (Multi-Freq)
	0.00190m
	0.00354m
	0.00642m
	0.01653m

	
	
	
	Carrier phase (Single-Freq)
	0.00512m
	0.00835m
	0.73918m
	1.9916m

	
	
	
	UL-TDOA
	0.03303m
	0.04907m
	0.06938m
	0.10645m

	
	
	0.05m
	Carrier phase (Multi-Freq)
	0.00404m
	0.00722m
	0.01479m
	0.03882m

	
	
	
	Carrier phase (Single-Freq)
	0.40081m
	1.4416m
	1.9835m
	2.5015m

	
	
	
	UL-TDOA
	0.03386m
	0.04706m
	0.06736m
	0.10371m



The evaluation results shows the multi-frequency carrier phase positioning method is robust to gNB ARP position errors. It can meet the accuracy requirement of 1cm@50% even when the gNB ARP position errors reach 5 cm. Therefore, it can effectively compensate for the deficiency of the double difference carrier phase positioning method. And it can be combined with the double difference carrier phase positioning method to compensate imperfect factors described in Section 4.
Observation 5: Multi-frequency carrier phase positioning method is robust to gNB ARP position errors and can achieve centimeter-level positioning accuracy even when the gNB ARP position errors reach 5 cm.

Identified specification impact
UE carrier phase measurement reporting
Due to the integer ambiguity problem, carrier phase can hardly be viewed as a standalone positioning method instead it can be joint employed with the existing positioning methods, such as DL-TDOA or UL-TDOA. Hence, the carrier phase can be reported jointly with existing measurements. 
When carrier phase is joint employed with DL-TDOA, the carrier phase difference between the measuring TRP and reference TRP can be reported, i.e., 
	
	(19)


where  denotes the carrier phase of the i-th TRP. Reporting the differentiated phase value has an advantage of mitigating the phase offset incurred by UE’s imperfect factors
When carrier phase is joint employed with UL-TDOA, the relative carrier phase measured by different TRP can be reported, i.e.
	
	(20)


where  denotes a fixed phase baseline.
Proposal 3: For carrier phase jointly with DL-TDOA, phase difference between the measuring TRP and reference TRP can be reported by UE.
Proposal 4: For carrier phase jointly with UL-TDOA, relative phase can be reported by TRP.
Double difference and multi-frequency carrier phase measurements
Based on the above analysis, double difference carrier phase measurement and multi-frequency carrier phase measurements can be combined to compensate imperfect factors between gNBs and UE. Therefore, both UL and DL LMF-based carrier phase positioning method should support reporting carrier phase measurements on multiple frequencies or reporting distance information computed by multiple carrier phase measurements as described in Section 2.2.
Proposal 5: For UL carrier phase positioning, the TRP can report multiple carrier phase measurements corresponding to different frequencies.
Proposal 6: For DL carrier phase positioning, the UE can report multiple carrier phase measurements corresponding to different frequencies.

Conclusion
In this contribution, we have the following observations and proposals with regards to the NR carrier phase positioning.
Observation 1: Double difference carrier phase can eliminate the time synchronization error of gNBs.
Observation 2: Single difference carrier phase between gNBs can eliminate the random initial phase error of UE.
Observation 3: Single difference carrier phase between UE and PRU can eliminate the random initial phase error of gNBs.
Observation 4: The gNB ARP position error deteriorates the carrier phase positioning accuracy even the double difference method (with PRU) is used.
Observation 5: Multi-frequency carrier phase positioning method is robust to gNB ARP position errors and can achieve centimeter-level positioning accuracy even when the gNB ARP position errors reach 5 cm.
Proposal 1:  Rel-18 shall target the accuracy requirement of 1cm@50% for positioning using carrier phase measurement.
Proposal 2: The double difference carrier phase and multi-frequency carrier phase should be considered for carrier phase positioning.
Proposal 3: For carrier phase jointly with DL-TDOA, phase difference between the measuring TRP and reference TRP can be reported by UE.
Proposal 4: For carrier phase jointly with UL-TDOA, relative phase can be reported by TRP.
Proposal 5: For UL carrier phase positioning, the TRP can report multiple carrier phase measurements corresponding to different frequencies.
Proposal 6: For DL carrier phase positioning, the UE can report multiple carrier phase measurements corresponding to different frequencies.
[bookmark: _GoBack]
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