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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] and RAN1#110 [3]. In RAN1#110, the following agreements were made on NR carrier phase positioning (CPP) [3]. 
	Agreement
· For the purposes of discussion, for NR downlink and/or uplink carrier phase positioning, the carrier phase (CP) at a RF frequency at a receiver is a phase that is a function of the signal propagation time from an Tx antenna reference point of a transmitter (e.g., a TRP or a UE) to a Rx antenna reference point of the receiver (e.g., a UE or a TRP).
· The propagation time can be expressed in a fractional part of a cycle of the RF frequency and a number of integer cycles, but the CP may be independent of the number of integer cycles. 

Agreement
Endorse the templates in section 17 under (H)(Round 1) Proposal 17-1 in R1-2207690 to collect carrier-phase based positioning simulation results, with the following notes:
· The TR editor can adjust the sections/sub-sections arrangement
· Adjust the titles of the tables to refer to NR carrier-phase based positioning
· The detailed rows of the tables can be further discussed

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
In the evaluation of NR carrier phase positioning, the offset between the initial phase of the transmitter and the initial phase of the receiver can be modeled as a random variable uniformly distributed within [0, X].
·  Possible values of X: 2pi
· Other values FFS
Agreement
In the evaluation of NR carrier phase positioning, the antenna reference point (ARP) location error of a TRP can be modeled as follows: 
· 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

Agreement
In the evaluation of NR carrier phase positioning, the following the UE/TRP antenna phase center offset (PCO) model can be considered as the starting point: 
dPCO =  a * dPhi + w							
			where	
· a is the scale factor, a=[0, 1, 3]
· FFS: other values
· dPhi is the direction difference (in degrees):
· Example 1, dPhi is the difference between the true and the calculated (or measured) directions between a transmitter (UE/TRP) and a receiver (TRP/UE).
· Example 2: dPhi is the direction difference between one UE to two TRPs, or between one TRP to two UEs.
· w is 0 or a random variable uniformly distributed within [-2, +2], or [-5, +5], or [-X, +X] degrees
· FFS: value of X or left up to companies
· Note: the above model is valid only when absolute value of dPhi < Y degrees
· FFS: value of Y or left up to companies

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

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



In this contribution, we further discuss the solutions and simulation results for NR CPP, expending our views presented in the previous meeting [4].
Discussion of NR CPP
In this section, the following four key issues for supporting NR CPP will be discussed.
· Double Differential NR CPP;
· Multiple carrier frequencies NR CPP;
· Solution for multipath impact mitigation;
· Smoothing TOA with NR carrier phase measurement.
Double Differential NR CPP
As discussed in our previous paper [4], 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’;
·  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, caused by initial phase noise and frequency deviation in an OFDM symbol at time , due to the impact of initial phase error and CFO/Doppler (in cycles);
·  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 the carrier phase shifts caused by the frequency offset , the time offset , initial phase error () and the propagation delays () are mixed in the carrier phase measurements and thus need to be considered in the carrier phase measurement equation. In the previous meetings, these errors were agreed to be considered in the evaluation assumptions [2][3].
As shown in Eqn.(1), similar to GNSS CPP, the NR carrier phase measurements are also impacted by the UE/TRP initial phase offsets and the UE/TRP clock offsets. The impact of these errors on the carrier phase measurements needs to be removed for centimeter-level accuracy CPP. Double differential technique is commonly used for this purpose, which is a fundamental technique in GNSS CPP. 
Figure 1 shows the illustration of the double differential technique. 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 Tx 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. 
[image: ]
Figure 1: Illustration of the double differential technique
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 error and the UE/TRP clock offsets, which are caused by the oscillator-drift, and CFO/doppler, on the double differential measurements.
For supporting double differential operation, the location of the Positioning Reference Unit(PRU) needs to be known. With the known location of the PRU (i.e.,  is known), the single differential TOA and carrier phase measurements can be obtained from the double differential TOA and carrier phase measurement ( , and ), and then  and  (after the integer ambiguity is resolved) can be used for UE location calculation with a traditional positioning algorithm [9]. 
Observation 1: Double differential technique with PRU 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: P1]Proposal 1: Double differential technique with PRU should be supported for NR carrier phase positioning.
Multiple carrier frequencies NR CPP
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 the resolving integer ambiguity very difficult, especially for single-epoch 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 [10]. The combinations of the carrier phase measurement of different 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 the 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 2: Principle of UE location calculation with multiple carrier frequencies
It is worthy to point 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 or subcarriers in different bands, 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 is further discussed in Section 3.2.2 with evaluation results shown in Section 4.3.
Observation 2: Carrier phase measurements from multiple carrier frequencies are helpful for fast resolution of the integer ambiguity.
[bookmark: P2]Proposal 2: Support UE/TRP to report the carrier phase measurements corresponding to multiple carrier frequencies of different carriers, and/or corresponding multiple subcarrier frequencies of the same or different carriers for NR carrier phase positioning.
[bookmark: _Ref111206965]Solution for multipath impact mitigation
In RAN1#109e, the impact of multipath on the NR CPP was agreed to be studied in Rel-18 SI [2].
The analysis in [11] shows that the theoretical maximum of the carrier-multipath error is about 0.25λ. In practice, the impact can be much smaller than it. However, carrier-multipath error may not be ignored for centi-meter level positioning. Different approaches have been proposed to mitigate the multipath error in GNSS carrier phase positioning, which can be broadly classified into the following groups:
· Mitigating the impact of multipath on the measurements by the improvement of hardware and software design of the antenna and receiver. For example, the effect of carrier phase multipath in static mode is investigated and a system is developed to reduce the effect using multiple closely-spaced antennas [12]. The correlated nature of multipath, along with the known geometry among the antennas are used to estimate and mitigate carrier phase multipath. A two-step algorithm was proposed in [13] to reduce the error introduced by multipath, where the propagation delay of the LOS path is first coarsely determined, and then the carrier phase is estimated using the earlier determined coarse time delays.
· Mitigating the impact of multipath on the positioning solution by advanced data processing and positioning algorithms. The impact of the multipath on the carrier phase measurements can be mitigated by using advanced algorithms to process the obtained measurements. For example, the signal-to-noise (SNR) [14] and the estimated amplitudes of the composed signal and direct signal [15] are used for multipath mitigation. Multipath hemispherical map (MHM) algorithm and Variational Mode Decomposition (VMD) and MHM are used to extract the multipath from single difference (SD) residuals for mitigating multipath in [16].
The above approaches are more closely related to the implementation instead of the standard. From the standard point of view, we may consider the use of the similar approach adopted in Rel-17, e.g., allowing the UE/TRP to report the LOS/NLOS indication for the carrier phase measurements.
Observation 3: The impact of multipath for NR CPP may be mitigated by UE/TRP implementation by the following approaches:
· Mitigating the impact of multipath on the measurements by the improvement of hardware and software design of the antenna and receiver.
· Mitigating the impact of multipath on the positioning solution by advanced data processing and positioning algorithms.
[bookmark: P3]Proposal 3: For the indication of LOS/NLOS for Rel-18 NR CPP, the LOS/NLOS indication in Rel-17 can be the starting point.
Smoothing TOA with NR carrier phase measurement 
Using carrier phase measurement to smooth pseudorange measurements for improving the positioning accuracy has been widely sued in GNSS positioning. Similarly, NR carrier phase measurements can be used for smoothing the raw measurements for DL-TDOA, UL-TDOA or Multi-RTT, e.g., RSTD, UE Rx-Tx time difference, RTOA and gNB Rx-Tx time difference. Here we refer them to as carrier phase-smoothed DL-TDOA, UL-TDOA or Multi-RTT measurements, which should have higher accuracy than raw measurements.
The smoothing method of carrier phase-smoother can be expressed as follows: 
        (4)
As an example, the linear smoothing function  of using NR carrier phase measurements to smooth the DL-TDOA, UL-TDOA or Multi-RTT raw measurements measured at times  can be given by:
                                (5)
where  and  are smoother parameters. The Hatch smoother function can also be used [4]:
                (6)
The advantage of Hatch smoother is its simple design, with only one parameter.
Observation 4: NR carrier phase measurements can be used to get carrier phase-smoothed DL-TDOA, UL-TDOA or Multi-RTT measurements, which have higher accuracy than raw measurements.
[bookmark: P4]Proposal 4: Using carrier phase measurements to smooth existing timing measurements can be considered in Rel-18. 
· FFS: The impact on the specification.
Carrier phase positioning methods
In this section, we discuss the methods for the estimation of NR carrier phase measurements and how to use carrier phase measurements to calculate UE location.
Carrier phase measurement estimation
NR carrier phase measurements can be estimated with a time-domain approach, or with a frequency-domain approach. In the following, two simple methods are presented: one time-domain approach, and one frequency-domain approach, for the estimation of the NR carrier phase measurements based on a very short duration of the reference signals (Note: More advanced approaches can also be used for tracking the NR carrier phase, e.g., using a phase locked loop [4]).
Estimation method in time domain
In this method, the channel frequency response (CFR) is first obtained by channel estimation in frequency domain. Then, the CFR is converted into the channel impulse response (CIR) in time domain by IDFT transform. After that, find the CIR of the first path, and the carrier phase is calculated using the CIR of the first path:
                                                                  (7)
where is the CIR of the first path.
Estimation method in the frequency domain
The method first chooses the first path of CIR in the time domain; then, converts the first path of CIR to the CFR in the frequency domain by DFT, and after that calculates the phase of the central carrier frequency based on the CFR. These steps can be described as follows:
Step 1: Find the first path in the time domain,.
Step 2: Set the CIR in time domain to zero except for P samples around the time index of . For example, P can be 1 or 3.
Step 3: The CIR is converted to the CFR through DFT transform.
Step 4: The carrier phase of the central frequency is calculated from the phase of CFR of the center subcarrier.
                                                                      (8)
where is the CFR of the center subcarrier.
Observation 5: NR carrier phase measurement of a single measurement instance can be obtained by either the time domain approach or the frequency domain approach. 
UE location calculation method for resolving of integer ambiguity
In this section, the solutions for UE location calculation in NR CPP (including resolving of integer ambiguity) in single frequency and multiple frequencies are discussed, focusing on NR CPP with the carrier phase measurements of a single measurement instance. 
UE location calculation with single carrier frequency
Assuming the TOA and carrier phase measurements in a single carrier frequency are available between UE   and P TRPs. The target UE location can be obtained based on the following steps:
Step 1: Generate the double differential TOA measurements () and double differential carrier phase measurements (), and get measurement equations as follows:
                                                                           (9)
where  and  are the vectors containing the  and  and  are the vectors containing double differential distances and the double differential integer ambiguities, and  and are the vectors containing double differential measurement noises. 
Step 2: Linearize Eqn.(9) at the initial target UE location  (Note: can be obtained by the use of any of the traditional positioning methods, e.g., UL/DL-TDOA).
Step 3: Solve linearized measurement equations, e.g., by weighted least squares (WLS), to obtain the float estimation of the double differential integer ambiguities  and corresponding covariance matrix of the estimation,  :
Step 4: Using the float estimates  and the covariance matrix  to search for the integer estimates . There are many existing algorithms available in GNSS CPP for this purpose, e.g., the well-known LAMBDA algorithm [8]. 
Step 5: Once the integer estimates  is obtained, it can be used in Eqn.(6) to calculate the UE’s position, using legacy positioning algorithm, e.g., the CHAN algorithm [9]. When the carrier phase measurements are available from a single carrier frequency, the integer estimates  may not be perfect. Thus, another approach is to use the following the following cost function to search for the optimal solution of the integer ambiguity around  to get the estimate of the target UE location. 
                            (10)

UE location calculation with multiple carrier frequencies
Assuming the TOA and carrier phase measurements between UEs  and L TRPs are available from multiple (M) carrier frequencies . The target UE location can be obtained based on the following steps (For simplicity, M =3 is assumed in the following discussion. The same approach can be used for M =2 or M >3):
Step 1: Generate the double differential TOA measurements () and double differential carrier phase measurements ( for each carrier frequency  according to Eqn.(5) and Eqn.(6) as follows (for simplicity and clarity, the double superscript “” and double subscript “” are omitted for the double differential variables):

                                                       (11)
Step 2: Select K (<=M) group of integer parameters  for creating the virtual carrier phase measurements  by combining the carrier phase measurements :
                                                      (12)
where ). The virtual wavelength of virtual carrier phase measurements is expressed as follows:
                                                             (13)
From above equation, it is clear that by selecting different group parameters , we can construct  with different virtual wavelength . For example, assume GHz, we have =3 meter with , and  = meter with . These virtual wavelengths are be much longer than the original wavelengths of , which make the resolution of the integer ambiguity faster and more reliable. 
Step 3: The use of the virtual carrier phase measurements for positioning starts normally from the virtual carrier phase measurements with the longest virtual wavelength to the shortest virtual wavelength. The procedure for the resolution of the virtual integer ambiguity is similar to the resolution of the integer ambiguity of the phase measurements of single carrier frequency discussed previously. When the integer ambiguity resolution of the longer virtual wavelength is obtained, the virtual carrier phase measurements without ambiguity are obtained, which is used for the resolution of the integer ambiguity resolution of the shorter virtual wavelength. Only when the integer ambiguity of the shortest wavelength is resolved, it will be used to get the (virtual) carrier phase measurements without ambiguity for the calculation of the final UE location, which is similar to the use of carrier phase measurements of single carrier frequency for the determination of the UE’s location as discussed in the previous section.
It is worthy to mention that the use of virtual carrier phase measurements with a long wavelength for faster and more reliable resolution has been widely adopted in GNSS CPP to support single-epoch CPP [10]. In GNSS CPP, the combinations with virtual wavelength being much longer than, larger than, or smaller than the original wavelengths are called Extra Wide Lane (EWL), Wide Lane (WL) and Narrow Line (NL) combinations, respectively. In general, EWL, and WL combinations are used for fast resolution of the integer ambiguity, while NL combinations can be used for the scenarios when extremely accurate positioning is desired.
Performance evaluation
Comparison of CRLB between NR CPP and TDOA
In this section, the comparison of Cramer-Rao Lower Bound (CRLB) of NR CPP and TDOA are given.
The CRLB of the carrier phase measurement based on the 5G NR OFDM signal is as follows:
		(14)
where SNR represents the signal-to-noise ratio in frequency domain, N is the number of FFT,  is the carrier frequency, and  is a subcarrier interval (SCS). The detailed analysis can be found in section 8.2.
Under the above assumptions, the CRLB of the TOA measurement based on the 5G NR OFDM signal is as follows [17]:
		(15)
Comparing Eqn.(14) and Eqn.(15), it can be known that the CRLB of the carrier phase measurement depends on the carrier frequency, while the CRLB of the TOA measurement depends on the system bandwidth. Therefore, 5G NR CPP can achieve centimeter-level high positioning accuracy without using a large bandwidth.
Observation 6: The CRLB of the carrier phase measurement depends on the carrier frequency while the CRLB of the TOA measurement depends on the system bandwidth, which explains why NR CPP can achieve much higher positioning accuracy than TDOA positioning.
Simulation parameter
The key simulation parameters for 6 Cases of NR CPP are given in Table 1. The details of the simulation assumption are shown in section 8.3.
Initial random phases among TRPs

In section 7.5 of TR 38.901, initial random phases ( for each ray m of each cluster n and for four different polarisation combinations (θθ, θϕ, ϕθ, ϕϕ) ) for different BS-UE link are all random, and distribution for initial phases is uniform within (-). 
According to section 7.6.3.4 of TR 38.901, the correlation type among TRPs of initial random phase is site-specific, which means that parameters for different BS-UT links are uncorrelated, but the parameters for links from co-sited sectors to a UE are correlated. Therefore, for the evaluation of NR CPP in Rel-18 SI, initial random phases among TRPs should be site-specific. The same assumption should also be applied to different UEs.
Note: This should be similar to GNSS CPP, where the initial random phase of a receiver (UE) is considered to be the same for all carrier phase measurements from all satellites, and the initial random phase of the transmitter (satellites) is the same for all carrier phase measurements received from the satellite.  
[bookmark: P5]Proposal 5: For evaluation of NR CPP in Rel-18 SI, initial random phases of TRPs/UEs should be considered to be TRP/UE-specific, e.g., it is the same for all carrier phase measurements of a carrier frequency for a specific TRP/UE.








[bookmark: _Ref115427422]Table 1: NR positioning enhancements - evaluation scenarios and parameters 
	Parameter
	[Case 1], [IIoT]
	[Case 2], [IIoT]
	[Case 3], [IIoT]
	[Case 4], [IIoT]
	[Case 5], [IIoT]
	[Case 6], [IIoT]

	Channel model 
[TS 38.855, TS 38.857]
	InF-SH in TR 38.857
	InF-SH and InF-DH in TR 38.857
	InF-SH in TR 38.857
	InF-SH in TR 38.857
	InF-SH in TR 38.857
	InF-SH in TR 38.857

	Single carrier frequency, or multiple carrier frequencies, GHz
	Single carrier frequency, 3.5GHz
	Multiple carrier frequencies, 3.45/3.49/3.55 GHz
	Multiple carrier frequencies, 3.45/3.49/3.55 GHz
	Multiple carrier frequencies, 3.45/3.49/3.55 GHz
	Single carrier frequency, 3.5GHz
	Single carrier frequency, 3.5GHz

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

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

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

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

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

	Carrier phase estimation techniques (time-domain, freq-domain, references)
	frequency domain in section 3.1.2
	frequency domain in section 3.1.2
	frequency domain in section 3.1.2
	frequency domain in section 3.1.2
	frequency domain in section 3.1.2
	frequency domain in section 3.1.2

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

	Integer ambiguity resolution techniques 
(e.g., virtual Integer ambiguity, LAMBDA, cost functions, Least squares, …)
	Method in section 3.2.1
	Method in section 3.2.2
	Method in section 3.2.2
	Method in section 3.2.2
	Method in section 3.2.2
	Method in section 3.2.2

	Multipath mitigation techniques (e.g., first path detection, ...) 
	First path detection in section 3.1
	First path detection in section 3.1
	First path detection in section 3.1
	First path detection in section 3.1
	First path detection in section 3.1
	First path detection in section 3.1

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

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

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

	UE/TRP Initial phase offset 
	NO
	NO
	NO
	NO
	NO
	YES

	CFO/Doppler
	NO
	NO
	NO
	NO
	YES
	NO

	Oscillator-drifts
	NO
	NO
	NO
	NO
	YES
	NO

	ARP errors
	NO
	NO
	YES
	NO
	NO
	NO

	Phase Center Offsets
	NO
	NO
	NO
	YES
	NO
	NO

	Phase noise (FR2)
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Additional notes, if any
	NO
	NO
	NO
	NO
	NO
	NO


Note 1: For Case 1 and Case 2, single carrier frequency and multiple carrier frequency NR CPP without any error sources are simulated, respectively,.
Note 2: For Case 3 to Case 6, impact of ARP errors, phase center offsets, frequency offset (including CFO/Doppler and oscillator-drifts), and UE/TRP initial phase offset on NR CPP are simulated, respectively.
Note 3: Network synchronization errors are assumed to be cancelled out by the use of the double differential techniques.









Simulation results
Single carrier frequency without error sources
The horizontal positioning performance in InF-SH with the carrier phase measurements from a single (M=1) frequency is given in Figure 3, which shows that under InF-SH scenario where the LOS probability is very high, it is possible to achieve centimeter level accuracy. The simulation results for absolute horizontal positioning accuracy (of 50%, 67%, 80%, and 90% UEs) are given in Table 2 .
[bookmark: _Ref111207412]Table 2: NR carrier phase positioning - horizontal accuracy
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%

	[Case 1], [InF-SH]
M=1, BW#100M, FR#1, positioning method #DL-TDOA
	0.0715
	0.1017
	0.1174
	0.1269

	[Case 1], [InF-SH]
M=1, BW#100M, FR#1, positioning method# DL-CPP
	0.0023
	0.0029
	0.004
	0.0121



Observation 7: For InF-SH scenario, the CPP positioning accuracy can reach 0.0121 m for 90% UEs with the carrier phase measurements from a single carrier frequency without error sources.
[image: ]
[bookmark: _Ref111207338]Figure 3: Horizontal positioning accuracy in InF-SH scenario

Multiple carrier frequencies without error sources
The horizontal positioning performance with the carrier phase measurements from M=3 carrier frequencies for InF-SH and InF-DH are given in Figure 4 and Figure 5, respectively, which shows that for InF-SH scenario, the accuracy is similar to the case when the carrier phase measurements is available from a single carrier frequency at the 90% CDF point. The simulation results for absolute horizontal positioning accuracy (of 50%, 67%, 80%, and 90% UEs) are given in Table 3 and Table 4. However, for the CDF point larger than 90%, the performance of using carrier phase measurements from 3 carrier frequencies is much better than using carrier phase measurements from a single carrier frequency. The reason is, in our view, that using the carrier phase measurements from multiple carrier frequencies has increased the correctness in the resolution of the integer ambiguity. 
[bookmark: _Ref111207452]Table 3: NR carrier phase positioning - horizontal accuracy for InF-SH
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%

	[Case 2], [InF-SH]
M=3, BW#100M, FR#1, positioning method #DL-TDOA
	0.0715
	0.1017
	0.1174
	0.1269

	[Case 2], [InF-SH]
M=3, BW#100M, FR#1, positioning method# DL-CPP
	0.0034
	0.0043
	0.0054
	0.0069



[bookmark: _Ref111207460]Table 4: NR carrier phase positioning - horizontal accuracy for InF-DH
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%

	[Case 2], [InF-DH]
M=3, BW#100M, FR#1, positioning method #DL-TDOA
	0.0506
	0.0607
	0.0874
	0.1513

	[Case 2], [InF-DH]
M=3, BW#100M, FR#1, positioning method# DL-CPP
	0.011
	0.0185
	0.0269
	0.0343



Observation 8: For InF-SH scenario, the CPP positioning accuracy can reach 0.0069 m for 90% UEs with 3 carrier frequencies which is more precise than 0.1269 m of TDOA positioning without error sources.
Observation 9: For InF-DH scenario, the carrier phase positioning accuracy can reach 0.034 m for 90% UEs with the carrier phase measurements from 3 carrier frequencies without error sources.
Observation 10: It is feasible to reach the centimeter-level positioning accuracy by the use of carrier phase measurements from multiple carrier frequencies for both InF-SH and InF-DH scenarios.
[image: ]
[bookmark: _Ref111207355]Figure 4: Horizontal positioning accuracy in InF-SH scenario
[image: ]
[bookmark: _Ref111207362]Figure 5: Horizontal positioning accuracy in InF-DH scenario

Impact of TRP ARP location error 
The impact of TRP ARP location error on NR CPP with the carrier phase measurements from 3 carrier frequencies is shown in Figure 6 and Figure 7, where TRP ARP location error follows trucked Gauss distribution with sigma of T1= 1cm, and T1= 5cm, respectively, and double differential technique is used. The simulation results for absolute horizontal positioning accuracy (of 50%, 67%, 80%, and 90% UEs) are given in Table 5 and Table 6.
[bookmark: _Ref115426779]Table 5: NR carrier phase positioning - horizontal accuracy for InF-SH 
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%

	[Case 3], [InF-SH]
M=3, BW#100M, FR#1, TRP ARP location error of 1cm, positioning method #DL-TDOA
	0.085
	0.105
	0.121
	0.154

	[Case 3], [InF-SH]
M=3, BW#100M, FR#1, TRP ARP location error of 1 cm, positioning method# DL-CPP
	0.007
	0.01
	0.013
	0.0178













[bookmark: _Ref115426785]Table 6: NR carrier phase positioning - horizontal accuracy for InF-SH
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%

	[Case 3], [IIoT]
M=3, BW#100M, FR#1, TRP ARP location error of 5 cm, positioning method #DL-TDOA
	0.088
	0.105
	0.139
	0.163

	[Case 3], [IIoT]
M=3, BW#100M, FR#1, TRP ARP location error of 5 cm, positioning method# DL-CPP
	0.033
	0.046
	0.056
	0.069



Observation 11: For InF-SH scenario, the carrier phase positioning accuracy can reach 0.0178 m for 90% UEs with 3 carrier frequencies which is more precise than 0.154 m of TDOA positioning with ARP error of 1 cm.
Observation 12: For InF-SH scenario, the carrier phase positioning accuracy can reach 0.069 m for 90% UEs with 3 carrier frequencies which is still more precise than 0.163 m of TDOA positioning with ARP error of 5 cm.
Observation 13: The carrier phase positioning accuracy will degrade when ARP error increases.
[bookmark: P6]Proposal 6: The impact of TRP ARP location error should be mitigated in order to improve the carrier phase positioning accuracy.
[image: ]
[bookmark: _Ref115426850]Figure 6: Horizontal positioning accuracy with ARP error of 1cm in InF-SH scenario
[image: ]
[bookmark: _Ref115426855]Figure 7: Horizontal positioning accuracy with ARP error of 5 cm in InF-SH scenario

Impact of UE/TRP antenna PCO 
The impact of UE/RP antenna PCO on NR CPP with the carrier phase measurements from 3 carrier frequencies and double differential technique is given in Figure 8 and Figure 9, where dPCO =  a * dPhi + w, dPhi in example 2 is the direction difference between one UE to two TRPs. Two CASEs are evaluated: CASE 4.1: a=3, w=[-5deg, 5deg]; CASE 4.2: a=3, w=[-10deg, 10deg].
Observation 14: PCO error with example 2 degrades the performance of CPP slightly. The carrier phase positioning accuracy with PCO error can reach 1 cm level for 90% UEs.
Table 7: NR carrier phase positioning - horizontal accuracy for InF-SH
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%

	[Case 4], [InF-SH]
M=3, BW#100M, FR#1, positioning method #DL-TDOA
	0.0715
	0.1017
	0.1174
	0.1269

	[Case 4.1], [InF-SH]
M=3, BW#100M, FR#1, CASE 4.1, positioning method# DL-CPP
	0.0040
	0.0050
	0.0065
	0.0092

	[Case 4.2], [InF-SH]
M=3, BW#100M, FR#1, CASE 4.2, positioning method# DL-CPP
	0.0042
	0.0051
	0.0063
	0.0099



[image: cid:image001.png@01D8CE96.7A30E2B0]
[bookmark: _Ref115426905]Figure 8: Horizontal positioning accuracy with PCO (CASE 4.1: a=3, w=[-5,+5]) in InF-SH scenario
[image: cid:image010.png@01D8CE96.ED9DFD00]
[bookmark: _Ref115426914]Figure 9: Horizontal positioning accuracy with PCO (CASE 4.2: a=3, w=[-10, +10]) in InF-SH scenario

Impact of frequency error
The impact of frequency error on NR CPP with the carrier phase measurements from single carrier frequencies (M=1) with double differential technique and single differential technique are given by Table 8. According to the agreement in RAN1#110, the frequency errors per link of (UE, TRP) is modelled as uniform in [-, ], where is the offset of carrier phase measurement from frequency error per link of(UE, TRP), and m is the number of OFDM symbol in a DL-PRS resource [4]. In the simulation case, m=6, 3.5e9*(0.1+0.01)*e(-6)+100+10 = 530Hz, and 
Observation 15: For InF-SH scenario, the horizontal positioning accuracy of NR CPP is is 0.1144 m for 90% UEs with single differential technique, and 0.012 m for 90% UEs with double differential technique.
Observation 16: Double differential technique can fully eliminate the influence of frequency error, while single differential technique is affected by frequency error.
[bookmark: _Ref115426971][bookmark: _Ref115426966]




Table 8: NR carrier phase positioning - horizontal accuracy
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%

	[Case 5.1], [InF-SH]
M=1, BW#100M, FR#1, positioning method # DL-CPP
Double differential  (DD)-CPP
	0.0023
	0.0029
	0.004
	0.0121

	[Case 5.2], [InF-SH]
M=1, BW#100M, FR#1, positioning method# DL-CPP
Single differential (SD)-CPP
	0.0124
	0.0834
	0.0949
	0.1144



[image: cid:image001.png@01D8D4D6.46C7D1E0]
Figure 10: Horizontal positioning accuracy with the impact of frequency error

Impact of initial phase offset
The impact of initial phase offset on NR CPP with the carrier phase measurements from single carrier frequencies (M=1), with double differential technique and single differential technique are given by Table 9. In the simulation case, the offset between the initial phase of the transmitter and the initial phase of the receiver can be modeled as a random variable uniformly distributed within [0, X], where X = 2pi.
Observation 17: For InF-SH scenario, the horizontal positioning accuracy of NR CPP is 0.1512 m for 90% UEs with single differential technique, and 0.0121 m for 90% UEs with double differential technique .
Observation 18: Double differential technique can fully eliminate the influence of initial phase offset, while single differential technique is affected by initial phase offset.
[bookmark: _Ref115427001]





Table 9: NR carrier phase positioning - horizontal accuracy
	[Case ID], [Scenario] [additional descriptions]
	50%
	67%
	80%
	90%

	[Case 6], [InF-SH]
M=1, BW#100M, FR#1, positioning method # DL-CPP
Double differential (DD)-CPP
	0.0023
	0.0029
	0.004
	0.0121

	[Case 6], [InF-SH]
M=1, BW#100M, FR#1, positioning method# DL-CPP
Single differential (SD)-CPP
	0.0679
	0.0997
	0.1279
	0.1512



[image: cid:image002.png@01D8D4D6.46C7D1E0]
Figure 11: Horizontal positioning accuracy with the impact of initial phase offset
Analysis of solutions for different error sources
Table 10 provides the summary of error sources and candidate solutions for NR CPP based on the evaluation results. From Table 10, we have the following observations.
Observation 19: 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 20: Multi-carrier NR carrier phase positioning is robust to TRP ARP error.
[bookmark: _Ref115427007]








Table 10: Summary of error sources and candidate solutions
	Candidate solutions
Error sources↓
	Single difference CPP for 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
	NO
	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 signal
In NR CPP, the carrier phase measurements obtained from the NR reference signals are used to enhance the positioning performance. One approach is to reuse the existing Rel-16 NR positioning reference signals, i.e., the DL PRS and UL SRS for positioning (SRS-Pos). The obvious advantage of this approach is that there is no need to introduce new NR reference signals for NR CPP. The carrier phase measurements can be obtained together with other existing positioning measurements from DL PRS and/or UL SRS for positioning. Our evaluation results also show the existing R el-16 PRS and SRS for positioning can be used as the reference signal for supporting NR carrier phase positioning.
Observation 21: The existing Rel-16 DL PRS and SRS for positioning can be used as the reference signals for supporting centi-meter level accuracy NR carrier phase positioning based on the evaluation results.
On the other hand, since Rel-16 DL PRS and SRS for positioning were designed without considering the carrier phase positioning, there can be further enhancement, e.g., on the top of the Rel-16 DL PRS and SRS for positioning, in terms of the configuration of the Rel-16 DL PRS and SRS for positioning.
[bookmark: P7]Proposal 7: The existing Rel-16 DL PRS and SRS for positioning can be used as the reference signal for supporting NR carrier phase positioning in Rel-18. 
· Note: Further optimization of the reference signal on top of existing R16 DL PRS and SRS for positioning may also be considered in Rel-18 or a future release.
Measurement reporting
Similar to the support of other positioning methods, DL and UL measurements should be defined to support NR DL/UL CPP. Using downlink as an example, the candidate measurements for NR DL CPP may include carrier phase measurement, differential carrier phase measurement between different gNB/TRPs or between different antennas of single UE/TRP, and the measurement quality indication, which may include one or a combination of following items: LOS/NLOS indicator, Rician factor, SINR, and the variance of CPP measurement, etc. 
[bookmark: P8]Proposal 8: The candidate measurements for carrier phase positioning may include:
· DL/UL carrier phase measurements corresponding to the carrier frequency of a carrier, or corresponding to one or more subcarrier frequencies within the bandwidth of the carrier, between a Tx antenna of a UE/TRP and a Rx antenna of a TRP/UE
· Single differential DL carrier phase measurement between different Tx antennas of a TRP or different TRPs, and a Rx antenna of a UE;
· Single differential DL carrier phase measurement between different UE Rx antennas and a Tx antenna of the TRP;
· [bookmark: P9]Single differential UL carrier phase measurement between different UE Tx antennas and the same Rx antenna of the TRP.
Proposal 9: The candidate information in the measurement reporting for carrier phase positioning may include:
· Measurement quality indications, which include one or a combination of LOS/NLOS indicator, Rician factor, SINR and variance of CPP measurement.
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 and reported together with the existing positioning measurements. Existing physical layer procedures can be re-used 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). 
For supporting NR double differential carrier phase positioning, the PRU will be used. The physical layer procedures can also be re-used for supporting PRU, including the measurement configuration, measurement request and measurement report with potential enhancements of the message content.
[bookmark: P10]Proposal 10: The existing physical layer procedures for NR positioning can be re-used for supporting NR carrier phase positioning.
Conclusion
In this contribution, we discuss NR CPP with initial performance evaluation and give the following observations and proposals.
Observation 1: Double differential technique with PRU 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 2: Carrier phase measurements from multiple carrier frequencies are helpful for fast resolution of the integer ambiguity.
Observation 3: The impact of multipath for NR CPP may be mitigated by UE/TRP implementation by the following approaches:
· Mitigating the impact of multipath on the measurements by the improvement of hardware and software design of the antenna and receiver.
· Mitigating the impact of multipath on the positioning solution by advanced data processing and positioning algorithms.
Observation 4: NR carrier phase measurements can be used to get carrier phase-smoothed DL-TDOA, UL-TDOA or Multi-RTT measurements, which have higher accuracy than raw measurements.
Observation 5: NR carrier phase measurement of a single measurement instance can be obtained by either the time domain approach or the frequency domain approach. 
Observation 6: The CRLB of the carrier phase measurement depends on the carrier frequency while the CRLB of the TOA measurement depends on the system bandwidth, which explains why NR CPP can achieve much higher positioning accuracy than TDOA positioning.
Observation 7: For InF-SH scenario, the CPP positioning accuracy can reach 0.0121 m for 90% UEs with the carrier phase measurements from a single carrier frequency without error sources.
Observation 8: For InF-SH scenario, the CPP positioning accuracy can reach 0.0069 m for 90% UEs with 3 carrier frequencies which is more precise than 0.1269 m of  TDOA positioning without error sources.
Observation 9: For InF-DH scenario, the carrier phase positioning accuracy can reach 0.034 m for 90% UEs with the carrier phase measurements from 3 carrier frequencies without error sources.
Observation 10: It is feasible to reach the centimeter-level positioning accuracy by the use of carrier phase measurements from multiple carrier frequencies for both InF-SH and InF-DH scenarios.
Observation 11: For InF-SH scenario, the carrier phase positioning accuracy can reach 0.0178 m for 90% UEs with 3 carrier frequencies which is more precise than 0.154 m of TDOA positioning with ARP error of 1cm.
Observation 12: For InF-SH scenario, the carrier phase positioning accuracy can reach 0.069 m for 90% UEs with 3 carrier frequencies which is still more precise than 0.163 m of TDOA positioning with ARP error of 5 cm.
Observation 13: The carrier phase positioning accuracy will degrade when ARP error increases.
Observation 14: PCO error with example 2 degrades the performance of CPP slightly. The carrier phase positioning accuracy with PCO error can reach 1 cm level for 90% UEs.
Observation 15: For InF-SH scenario, the horizontal positioning accuracy of NR CPP is is 0.1144 m for 90% UEs with single differential technique, and 0.012 m for 90% UEs with double differential technique.
Observation 16: Double differential technique can fully eliminate the influence of frequency error, while single differential technique isaffected by frequency error.
Observation 17: For InF-SH scenario, the horizontal positioning accuracy of NR CPP is 0.1512 m for 90% UEs with single differential technique, and 0.0121 m for 90% UEs with double differential technique.
Observation 18: Double differential technique can fully eliminate the influence of initial phase offset, while single differential technique is affected by initial phase offset.
Observation 19: 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 20: Multi-carrier NR carrier phase positioning is robust to TRP ARP error.
Observation 21: The existing Rel-16 DL PRS and SRS for positioning can be used as the reference signals for supporting centi-meter level accuracy NR carrier phase positioning based on the evaluation results.
Proposal 1: Double differential technique with PRU should be supported for NR carrier phase positioning.
Proposal 2: Support UE/TRP to report the carrier phase measurements corresponding to multiple carrier frequencies of different carriers, and/or corresponding multiple subcarrier frequencies of the same or different carriers for NR carrier phase positioning. 
Proposal 3: For the indication of LOS/NLOS for Rel-18 NR CPP, the LOS/NLOS indication in Rel-17 can be the starting point.
Proposal 4: Using carrier phase measurements to smooth existing timing measurements can be considered in Rel-18. 
FFS: The impact on the specification.
Proposal 5: For evaluation of NR CPP in Rel-18 SI, initial random phases of TRPs/UEs should be considered to be TRP/UE-specific, e.g., it is the same for all carrier phase measurements of a carrier frequency for a specific TRP/UE.
Proposal 6: The impact of TRP ARP location error should be mitigated in order to improve the carrier phase positioning accuracy.
Proposal 7: The existing Rel-16 DL PRS and SRS for positioning can be used as the reference signal for supporting NR carrier phase positioning in Rel-18. 
· Note: Further optimization of the reference signal on top of existing R16 DL PRS and SRS for positioning may also be considered in Rel-18 or a future release.
Proposal 8: The candidate measurements for carrier phase positioning may include:
· DL/UL carrier phase measurements corresponding to the carrier frequency of a carrier, or corresponding to one or more subcarrier frequencies within the bandwidth of the carrier, between a Tx antenna of a UE/TRP and a Rx antenna of a TRP/UE
· Single differential DL carrier phase measurement between different Tx antennas of a TRP or different TRPs, and a Rx antenna of a UE;
· Single differential DL carrier phase measurement between different UE Rx antennas and a Tx antenna of the TRP;
· Single differential UL carrier phase measurement between different UE Tx antennas and the same Rx antenna of the TRP.
Proposal 9: The candidate information in the measurement reporting for carrier phase positioning may include:
· Measurement quality indications, which include one or a combination of LOS/NLOS indicator, Rician factor, SINR and variance of CPP measurement.
Proposal 10: The existing physical layer procedures for NR positioning can be re-used for supporting NR carrier phase positioning.
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Appendix 

[bookmark: _Ref111206913]Appendix A: Double differential technique with PRU
Taking downlink for example, assume two receivers measure the PRS from two transmitter {, and obtain the TOA measurement  and the carrier phase measurement . The single differential measurements, i.e., the difference of the measurement by a receiver  from two transmitters { can be expressed as [4]: 
 						(A-1)
				(A-2)
where and 
The  is the so called RSTD measurements in DL-TDOA or UL-TDOA. As shown in above equations, the single differential operation will eliminate the impact of the receiver initial phase error, oscillator-drift, and CFO/Doppler on the single differenced measurements, but the measurements are still impacted by the oscillator-drift / clock errors of the transmitters (), initial phase error and CFO/Doppler (). 
In order to further remove the initial phase error, oscillator-drift, and CFO/Doppler of the transmitters, the double differential technique can be used, i.e., the differential measurements by two receivers  from two transmitters { are differenced again to obtain:
 						(A-3)
					(A-4)
where  and .
[bookmark: _GoBack]As the location of the PRU is known (i.e.,  is known), the single differential TOA / carrier phase measurements can be get from double differential TOA / carrier phase measurement ( ， and ), and then  and  can be used for UE location calculation as in section 3.2.
As shown in the above equations, the double differential operation will eliminate the impact of Tx and Rx initial phase error, oscillator-drift, and CFO/Doppler on the double differential d measurements. Note that the TOA measurement and the carrier phase measurement in Eqn.(A-3) and Eqn.(A-4) means that both measurements from target UE and PRU are in the same time instance / time stamp, therefore the impact of oscillator-drift are the same.

[bookmark: _Ref111206867]Appendix B: CRLB analysis of NR CPP
Assume 5G NR OFDM signal in time domain is
		                                          （B-1）
where  is the subcarrier spacing, and  is the modulation symbol on the k-th subcarrier. Under the Gaussian channel, the time domain signal arriving at the receiver after the transmission delay τ is:
		（B-2）
Assuming that the received signal is sampled by N times in an OFDM symbol in the time domain, the received signal is expressed as:
		（B-3）
where  is the sampling interval,  is complex white Gaussian noise, and  is the signal transmission delay. Then . Therefore, estimating  in  according to  is an unbiased estimate. Let  is abbreviated as , then the likelihood function with the target parameter  as is expressed as:
		（B-4）
The CRLB expression for the carrier phase measurement can be derived as [18]:
		（B-5）
According to Eqn. (B-2), the first derivative of time domain sample  is: 
	(B-6)
Further, the square of the first derivative can be obtained as:
	(B-7)
where  can be expressed in the following:
	                                                                                          (B-8)
where .
Substitute Eqn. (A-8) into Eqn. (A-5), the CRLB based on the carrier phase estimation of the 5G NR OFDM signal is:
		(B-9)
Further assuming that the signal transmission power on all subcarriers is the same, , and  . Then, the CRLB based on the carrier phase measurement of the 5G NR OFDM signal is:
		(B-10)

[bookmark: _Ref111206895]Appendix C: Simulation assumption
Table 8-1: Common scenario parameters applicable for all scenarios
	
	FR1 Specific Values

	Carrier frequency, GHz 
	3.5GHz

	Bandwidth, MHz
	100MHz, 20MHz

	Subcarrier spacing, kHz
	30kHz for 100MHz , 15KHz for 20MHz
	

	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.

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



Table 8-2: Parameters common to InF scenarios
	 
	FR1 Specific Values 

	Channel model
	InF-SH, InF-DH

	Layout 
	Hall size
	InF-SH: 300x150 m 
InF-DH: 120x60 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.

	UE antenna height
	Baseline: 1.5m 

	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

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