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1 Introduction
[bookmark: Source]In RAN#94e, the solutions for accuracy improvement based on NR carrier phase measurements for Rel-18 was agreed to be investigated, including the following tasks [1]:
· Study solutions for accuracy improvement based on NR carrier phase measurements [RAN1, RAN4]
· Reference signals, physical layer measurements, physical layer procedures to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning [RAN1]
· Focus on reuse of existing PRS and SRS, with new reference signals only considered if found necessary
In this contribution, we discuss the NR carrier phase positioning in section 2, and discuss simulation parameter and initial simulation results in section 3.
2 Discussion of NR carrier phase positioning
2.1 General description
Principle of NR carrier phase positioning
GNSS carrier phase positioning (CPP) has been used very successfully for centimeter-level positioning accuracy. However, the Radio Access Technology (RAT)-dependent CPP is so far not supported in IMT-system including 4G and 5G. In our opinion, the main motivation of using NR CPP in Rel-18 is its capability to accurately determine the UE location with centimeter-level accuracy without the need to use large bandwidth (such as 100MHz), which leads to more efficient usage of radio resources. In comparison with GNSS CPP, the implementation of the NR CPP could be easier [2] [3].
Figure 1 illustrates the basic idea of the DL/UL positioning system with the NR CPP techniques. Using uplink (UL) CPP as an example, a UE transmits the SRS for positioning (SRS-Pos) to support the neighbouring gNBs/TRPs to obtain the UL positioning measurements, including UL-RTOA and carrier phase measurements. The UL time and frequency resources for transmitting the SRS-Pos are configured by the network for each UE. In an environment where the LOS links are available, if the impact of the multipath is not considered or negligible, the uncertainty of carrier phase measurement is typically about 10% or less of the carrier wavelength [2] [3], which is much lower than the uncertainty of TDOA measurement (Note: The impact of the multipath on carrier phase measurements is further discussed in [4]).


Figure 1: Illustration of 5G NR DL/UL-CPP
NR carrier phase measurement model 
For supporting NR CPP, we need to first discuss the NR carrier phase measurement model in order to understand how the carrier phase measurements are obtained from NR positioning reference signals. Different from GNSS positioning signals, where pseudorandom code (PRN) is modulated on signal carrier frequency, NR positioning signals are OFDM signals, where the received symbol at subcarrier k of m-th OFDM symbol, , in a slot in frequency-domain, with the consideration of both time offset  and frequency offset   between the transmitter and the receiver, can be expressed as follows [5][6]:
	
	
	(1)


where  is the transmitted symbol at subcarrier k of m-th OFDM symbol,  is the inter-carrier interference term,  ,  is the normalized frequency offset  with respective to the SCS , i.e., , and  is the channel frequency response (CFR) at the subcarrier k. If we consider the LOS channel with single LOS path,  can be described as:
                                                                      (2)
where the relative attenuation, initial phase shift and propagation delay corresponding to the LOS channel are given by ,  and , respectively.
Note that  is the target carrier phase for carrier phase measurement.
Divided by  in Eqn.(1), the carrier phase measurement at time  is given by [7]: 
  (3)
Eqn. (3) shows that the carrier phase shifts caused by the frequency offset , the time offset , and the propagation delays () are mixed in the carrier phase measurements and thus need to be considered in the carrier phase measurement equation. The impact of the frequency offset  and the time offset  on the carrier phase measurements needs to be removed for CPP. Double differential technique is commonly used for this purpose, which will be discussed in section 2.7.
The carrier phase shifts caused by the time offset  on  depends on the absolute carrier frequency of the subcarrier k, e.g., . In most papers on OFDM demodulation, only the part of  is mentioned, while  is ignored. The reason is that the impact of  on the data symbol and reference signal symbol are the same, while the OFDM demodulation is mainly interested in the phase difference between the data symbol and DM-RS symbols. If the phase difference of the symbols in different subcarriers are used for the determination of the signal propagation delays,  can also be ignored, since it is cancelled during the phase difference operation. For NR CPP using the carrier phase measurements instead of phase differences, it is important to understand the impact of  on the carrier phase measurements.
Let ,  and m=0 at time , Eqn. (3) can be further expressed as 
	
	
	[bookmark: _Ref46518004](4)


where  is the target geometric distance between the antennas of UE a and gNB/TRP i (unit: m),  is an unknown integer ambiguity in the carrier phase measurements when the carrier phase measuring module has converged at time ,  is the difference of the clock error of gNB/TRP i and clock error of UE a,  is the phase offset caused by initial phase noise and frequency deviation in an OFDM symbol at time .
Key issues of supporting NR CPP
There are six key issues to be resolved for supporting NR carrier phase positioning, which will be further discussed from section 2.2 to section 2.7.
· Reference signal 
· Measurement
· Physical layer procedure
· Solution for measurement estimation with non-continuous signal 
· Solution for UE location calculation with integer ambiguity 
· Solution for timing offset between TRPs
2.2 Key issue 1: Reference signal
In NR CPP, the carrier phase measurements obtained from the NR reference signals are used to enhance the positioning performance. At least the following two options can be considered.
· Option 1: Use of existing R16 NR positioning reference signals
NR CPP can be based on existing R16 NR positioning reference signals, i.e., the DL PRS and UL SRS for positioning (SRS-Pos). In this approach, the carrier phase measurements are obtained together with other existing positioning measurements from DL PRS and/or UL SRS for positioning at the receivers, which can be UE (for DL positioning) or TRPs (for UL positioning). The obvious advantage of this approach is that there is no need to introduce new NR reference signals for NR CPP. The potential limitation of this approach is that Rel-16 DL PRS and/or UL SRS for positioning are transmitted usually at a long transmission period, and thus the carrier phase measurements may not always be available for tracking applications.
· Option 2: Enhancements of existing R16 NR positioning reference signals
Another possible approach for providing continuous carrier phase measurements is to consider the enhancements of existing DL/UL positioning reference signals. For example, a simple enhancement is to support a very narrower bandwidth (< 24 PRBs) for DL/UL positioning reference signals to minimize the usage of the RF resources for CPP. As mentioned previously, the NR signals in one subcarrier can be much stronger than GNSS signals in entire bandwidth. Thus, the PLL of the receiver should be able to keep the lock of the NR carrier phase signals with smaller bandwidth.
Proposal 1: R18 SI should focus on reuse of existing R16 PRS and SRS first for reference signal.
2.3 Key issue 2: Measurement
Similar to the support of other positioning methods, UE DL and UL measurements should be defined to support DL/UL NR CPP. Using downlink as an example, candidate measurements for NR CPP may include carrier phase measurement (Phase Of Arrival, POA), differential carrier phase measurement (Phase Difference Of Arrival, PDOA) and measurement quality indication, where PDOA can be differential POA between different gNB/TRPs or POA difference between different antennas of single UE, and measurement quality indication include one or combination of following items: LOS/NLOS indicator, Rician factor, SINR, and variance of CPP measurement, etc.
Proposal 2: Candidate DL/UL measurements for NR CPP may include the carrier phase measurement (Phase Of Arrival, POA), differential carrier phase measurement (Phase Difference Of Arrival, PDOA) and measurement quality indication. The PDOA can be the POA difference between different gNB/TRPs or the POA difference between different antennas of same UE. The measurement quality indication can include one or combination of following items: LOS/NLOS indicator, Rician factor, SINR, and variance of CPP measurement, etc.
2.4 Key issue 3: Physical layer procedure
We suggest considering the following two key physical layer procedures for NR CPP: 1) Joint reporting of POA and TOA for smoothing TOA with POA; 2) Solutions to eliminate the impact of Autonomous Time Adjustment/ Autonomous Frequency Adjustment (ATA/AFA).
Joint reporting of POA and TOA for smoothing TOA with POA
NR carrier phase measurements can be used for smoothing the raw DL-TDOA, UL-TDOA or Multi-RTT measurements. Here we refer them to as carrier-smoothed DL-TDOA, UL-TDOA or Multi-RTT measurements, for improving the measurement accuracy.
The smoothing method of the 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  [8]:
                (6)
The advantage of Hatch smoother is its simple design, with only one parameter.
Proposal 3: Joint reporting of POA and TOA for smoothing TOA with POA can be studied to improve the traditional DL/UL-TDOA performance.

Solutions to eliminate the impact of ATA/AFA
The UE receiver will perform autonomous time adjustment (ATA) and autonomous frequency adjustment (AFA) by default. Since the current 5G protocol does not support that the UE reports the ATA and AFA to the network side, the network (such as the base station and the Location Management Function (LMF)) do not know the ATA and AFA of the UE. For NR CPP, the ATA and AFA operations of the UE will cause cycle slips in the carrier phase measurement, and the accurate carrier phase measurement cannot be obtained, thus reducing the CPP accuracy. For DL-TDOA/UL-TDOA/Multi-RTT positioning method, if the LMF jointly processes the timing measurements before and after the ATA/AFA operations, a large error will be introduced.
As discussed in  in Eqn. (4), the impact of TA and autonomous time adjustment (ATA) can be expressed in . There are at two potential solutions to eliminate the impact of ATA/AFA:
· Method 1: UE reports both the value and time stamp of ATA and/or AFA to the network side.
· Method 2: Network controls the effective time window of ATA and/or AFA for UE.
Proposal 4: At least the following two methods to eliminate the impact of ATA/AFA can be studied.
· Method 1: UE reports both the value and time stamp of ATA and/or AFA to the network side.
· Method 2: Network controls the effective time window of ATA and AFA for UE.
2.5 Key issue 4: Solution for measurement estimation with non-continuous signal
The methods for obtaining the carrier phase measurements can be divided into two groups: one is to measure and obtain the carrier phase measurement quantity of the LOS path in the frequency domain, and the other is to measure and obtain the carrier phase measurement quantity of the LOS path in the time domain. Figure 2 shows a schematic diagram of using a first-order phase locked loop (PLL) for phase tracking in the frequency domain[7].


Figure 2: PLL block diagram
GNSS CPP is using continuous carrier phase signals. According to the analysis of literature [9], the GNSS adopts the CPP scheme, and the receiver must continuously track the measurement value of the carrier phase. Loss of signal continuity can lead to unexplained signal loss and carrier cycle hopping when the receiver reacquires the signal, that is, the value of the integer ambiguity changes before/after the signal loses lock. When the 5G NR adopts the time division duplex mode, the transmission of the positioning reference signal is discontinuous, and the measurement of the carrier phase will encounter the problem that the PLL cannot continuously track the carrier phase. A feasible solution is to use the estimated frequency offset of two adjacent segments of downlink signals to interpolate and estimate the frequency offset of the uplink signal in the interval, so as to calculate the change of the carrier phase within the interval uplink time, and then estimate the overall frequency of the downlink signal.
Proposal 5: Both time-domain and frequency-domain methods for carrier phase measurement with non-continuous signal can be studied.
2.6 Key issue 5: Solution for UE location calculation with integer ambiguity
The main difficulty in CPP is that the phase measurements contain the unknown number of integer multiples of the carrier wavelengths, commonly referred to as integer ambiguity (IA), as shown in Figure 3. A quick and reliable resolution of IA in phase measurements has been the key issue in CPP. 
[image: ]
Figure 3: Carrier phase measurements and integer ambiguity
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]With reporting of the precise carrier phase measurements, positioning accuracy can be improved significantly. For GNSS CPP, two methods are widely utilized to calculate the position for target UE, which includes continuous location tracking and one-shot location calculation. First, Extend Kalman Filtering (EKF) is one of continuous location tracking algorithm [10], which has been frequently applied in GNSS (Global Navigation Satellite System) by virtue of the fusion of different observations [7]. TDOA and carrier phase measurements can be perfectly combined as the input of EKF location tracking algorithm. Second, one-shot positioning method such as traditional algorithm associated with Chinese Reminder Theorem (CRT) for recovery of whole cycles is also worthy of studying [11]. 
Proposal 6: Both continuous location tracking algorithm and one-shot location calculation algorithm can be studied for solution for UE location calculation with integer ambiguity.
One method to reduce the search space for integer ambiguity is the ‘virtual phase measurement’ with the ‘virtual wavelength’ [2], which is much longer than the wavelength for the real carrier frequency by taking the advantage that the network has the control of the transmission of the NR reference signals. Instead of transmitting the NR reference signals in one single frequency only, the NR reference signals can be transmitted in 2 or more frequencies to get phase measurements from multiple frequencies. Then, the long ‘virtual wavelength’ for ‘virtual phase measurement’ will be created by a special combination of these phase measurements. Figure 4 illustrates the principle of fast solution of IA.
[image: ]
Figure 4: Principle of fast solution of IA
For example, assume NR PRS are transmitted in two frequencies  and . The phase measurements  and  in frequencies  and  can be expressed as follows: 
	
	
	(7)

	
	 
	(8)


 (Note: For the sake of simplicity and clarity, we have omitted the superscript and the subscript representing the transmitter and receiver here). Multiplying both sides of (7) with  and (8) with , and then combining them together, we obtain the following ‘virtual’ phase measurement : 
	
	 

	(9)


where , , and are, respectively, the ‘virtual’ wavelength, the integer ambiguity for ‘virtual’ phase measurement and ‘virtual’ phase measurement errors.
The ‘virtual’ phase measurement  in (9) has the same form as (7) and (8). However, the  is no longer the true carrier wavelength, but a “virtual wavelength”. Because the transmission frequencies  can be configured by the network, it provides the opportunity to make  to be much longer than  and , which will make the search space of the integer ambiguity  to be much smaller than that for  and . 
Proposal 7: Carrier phases measurements from two or more carrier frequencies are helpful for fast resolution of the integer ambiguity.
2.7 Key issue 6: Solution for timing offset between TRPs
GNSS CPP is normally used for the situations where the very precise positioning for mobile stations is required, for which double differential technique is used. In our opinion, NR CPP can also use the double differential technique for the solution for timing offset between TRPs.
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 transmitter { can be expressed as [2] [3]: 
 				(10)
			(11)
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 clock error on the single differenced measurements, but the measurements are still impacted by the clock errors of the transmitters. 
In order to remove the clock errors 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:
 			(12)
			(13)
where  and .
As shown in the above equations, the double differential operation will eliminate the impact of both the receiver clock errors and the transmitter clock errors on the double differenced measurements.
When the double differential technique is used for the determination of the position of target UE, one of the receiver’s position is known and used as the PRU. In order to solve the three unknown parameters for the coordinate of the unknown mobile receiver position, it needs at least three double differential measurements obtained from four transmitters.
Proposal 8: Double differential technique with PRU can be used for solution for timing offset between TRPs.

3 Performance evaluation for NR CPP
3.1 Simulation parameter
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]In 3GPP Rel-16 positioning study item, UMa, UMi and Indoor scenarios were studied. In 3GPP Rel-17 positioning study item, Indoor Factory scenarios were studied, including InF-SH and InF-DH [12]. According to the analysis in section 2.1, the typical scenario for NR CPP is LOS channel scenario. Therefore, InF-SH and FR1 are preferred to be the baseline, where simulation assumption for InF-SH channel scenarios in Rel-17 is reused. The details of the simulation assumption are shown in Appendix A. The key simulation parameters for NR CPP are given in Table 1.
Table 1: Key simulation parameters for NR CPP
	Parameters
	Value

	Channel model
	InF-SH

	Carrier Frequency
Bandwidth
Room size
	3.5 GHz 
20MHz, 100MHz
300x150 m for InF-SH

	Velocity
TOA measuring algorithm
	1 m/s, 0 m/s
MUSIC

	Carrier phase measuring algorithm
	PLL

	UE location calculation with integer ambiguity
	EKF

	Timing offset between gNB/TRPs
	No



Proposal 9: Reuse simulation assumption of InF-SH channel scenario in FR1 in Rel-17 for the simulation of CPP, where the key simulation parameters in Table 1 can be considered.
3.2 Initial simulation results
Under the key simulation parameters in Table 1, initial simulation results of UL-CPP and UL-TDOA are given in Figure 5. As shown in the Figure 5, the horizontal positioning accuracy at CDF of 90% is 0.21 meter for UL-TDOA and 0.026 meter for UL-CPP, which show that UL-CPP can achieve higher positioning accuracy than UL-TDOA
Observation 1: The horizontal positioning accuracy at CDF of 90% is 0.21 meter for UL-TDOA and 0.026 meter for UL-CPP, which shows that UL-CPP can achieve higher positioning accuracy than UL-TDOA.
[image: ]
Figure 5: Initial simulation result of UL-CPP and UL-TDOA 
4 Conclusions
[bookmark: _GoBack]In this contribution, we discuss the 5G NR CPP, simulation parameter and initial simulation results with the following observation and proposals.
Observation 1: The horizontal positioning accuracy at CDF of 90% is 0.21 meter for UL-TDOA and 0.026 meter for UL-CPP, which shows that UL-CPP can achieve higher positioning accuracy than UL-TDOA.
Proposal 1: R18 SI should focus on reuse of existing R16 PRS and SRS first for reference signal.
Proposal 2: Candidate DL/UL measurements for NR CPP may include the carrier phase measurement (Phase Of Arrival, POA), differential carrier phase measurement (Phase Difference Of Arrival, PDOA)  and measurement quality indication. The PDOA can be the POA difference between different gNB/TRPs  or the POA difference between different antennas of same UE. The measurement quality indication can include one or combination of following items: LOS/NLOS indicator, Rician factor, SINR, and variance of CPP measurement, etc.
Proposal 3: Joint reporting of POA and TOA for smoothing TOA with POA can be studied to improve the traditional DL/UL-TDOA performance.
Proposal 4: At least the following two methods to eliminate the impact of ATA/AFA can be studied.
Method 1: UE reports both the value and time stamp of ATA and/or AFA to the network side.
Method 2: Network controls the effective time window of ATA and AFA for UE.
Proposal 5: Both time-domain and frequency-domain methods for carrier phase measurement with non-continuous signal can be studied.
Proposal 6: Both continuous location tracking algorithm and one-shot location calculation algorithm can be studied for solution for UE location calculation with integer ambiguity.
Proposal 7: Carrier phases measurements from two or more carrier frequencies are helpful for fast resolution of the integer ambiguity.
Proposal 8: Double differential technique with PRU can be used for solution for timing offset between TRPs.
Proposal 9: Reuse simulation assumption of InF-SH channel scenario in FR1 in Rel-17 for the simulation of CPP, where the key simulation parameters in Table 1 can be considered..
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6 Appendix A
Table 6-1: 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.

	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)

	UE/gNB RX and TX timing error
	(Optional) The UE/gNB RX and TX timing error, in FR1/FR2, can be modeled as a truncated Gaussian distribution with zero mean and standard deviation of T1 ns, with truncation of the distribution to the [-T2, T2] range, and with T2=2*T1:
-	T1: X ns for gNB and Y ns for UE
-	X and Y are up to sources  
-	Note: RX and TX timing errors are generated per panel independently

Apply the timing errors as follows: 
-	For each UE drop, 
-	For each panel (in case of multiple panels)
-	Draw a random sample for the Tx error according to [-2*Y,2*Y] and another random sample for the Rx error according to the same [-2*Y,2*Y] distribution. 
-	For each gNB 
-	For each panel (in case of multiple panels)
-	Draw a random sample for the Tx error according to [-2*X,2*X] and another random sample for the Rx error according to the same [-2*X,2*X] distribution. 
-	Any additional Time varying aspects of the timing errors, if simulated, can be left up to each company to report.
-	For UE evaluation assumptions in FR2, it is assumed that the UE can receive or transmit at most from one panel at a time with a panel activation delay of 0ms.

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



Table 6.1-1: Parameters common to InF scenarios
	 
	FR1 Specific Values 

	Channel model
	InF-SH

	Layout 
	Hall size
	InF-SH: 
(baseline) 300x150 m 
(optional) 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.
- (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
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