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In RAN#94e meeting, a SID for study on expanded and improved NR positioning was approved for Rel-18 where one item is to study carrier phase measurement based positioning techniques as follows [1].
	· Improved accuracy, integrity, and power efficiency:
· ...
· 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 RAN1#109-e meeting which is the first meeting of Rel-18, some agreements on NR carrier phase positioning  were reached as follows [2].
	Agreement#1
NR carrier phase positioning performance will be evaluated at least with the carrier phase measurements of a single measurement instance.
Agreement#2
The impact of integer ambiguity on NR carrier phase positioning and potential solutions to resolve the integer ambiguity will be studied in the SI.
Agreement#3
· The impact of multipath for the carrier phase positioning will be evaluated during the SI 
· The methods of mitigating the impact of multipath for the carrier phase positioning will be studied during the SI, if it is considered to be necessary after the evaluation.
Agreement#4
· In addition to the evaluation assumptions of NR Rel-16/17, the following error sources may also be considered during the evaluation:
· Phase noise (FR2)
· CFO/Doppler
· Oscillator-drift
· Transmitter/receiver antenna reference point location errors
· Transmitter/receiver initial phase error
· Phase center offset
· Note: Other error sources are not precluded
· Note: UE mobility can be considered in the evaluations
· Note: one or more error sources can be evaluated jointly
· Note: companies should provide the error sources model with their evaluations
Agreement#5
The use of PRUs to facilitate NR carrier phase positioning can be evaluated in the SI by RAN1.


In this contribution, we provide our views on carrier phase measurement based positioning techniques from RAN1 perspective.
Theory of carrier phase based solution for RAT-dependent positioning 
For easy description of the principle of carrier phase based positioning for wireless based positioning, the following Figure 1 is used as an example. The location of the target UE is to be measured. Two base station will transmit PRS simultaneously (without any timing error, for simplification).


Figure 1   Positioning network
For a UE, the carrier phase measured on signal from gNB i is

                          (Equ. 1)




Wherein, the  is the wave length of radio signal, the  is the fractional part of carrier phase (e.g., measurement from PLL), the N is the integer part of carrier phase, the  is the real distance between UE and gNB (LOS distance), the  is measurement noise or error. 
The basic principle of this carrier phase positioning method is, one initial UE location can be reached via TOA/TDOA/AOA/AOD, etc. After that, similar to TDOA, a differential is applied to the distance equation. Then, an integer search is performed with measurements from multiple base stations, where optimal estimation with least error is performed. Finally, the location of UE and a set of integer part of carrier phase (N) can be reached (with least error).
As shown in Figure 1, the coordinate of the target UE is denoted as (x,y), the coordinate of gNB is (xi,yi), then the distance between UE and ith gNB is

                       (Equ. 2)
The square and expansion of Equ. 2 is

                     (Equ. 3)

Let  , then

                      (Equ. 4)
For the distance between UE and gNB, a differential between the 2nd gNB and the 1st gNB is

 (Equ.5)
After moving some items based on Equ.5, the following can be reached.

        (Equ. 6)
Similarly, a differential between the nth gNB and the 1st gNB can also be achieved as the following equation.

        (Equ. 7)
For the equation above, it can be re-written as the following.

                                          (Equ. 8)



wherein, ，， .
For each combination of {N1, …, Nn}, the position of UE (i.e., X=[x, y]’) can be achieved.

                                (Equ. 9)
Wherein, the AT is the transposition matrix of A.
An error function can be computed for each combination values of {N1, …, Nn} as the following. After searching all combination values of {N1, …, Nn}, the optimal combination values of {N1, …, Nn } with minimum error function value can be searched. Then, the coordinate (x, y) corresponding the optimal combination of {N1, …, Nn } is determined as the finally estimated UE location. 

                                        (Equ. 10)
Wherein,

                   (Equ. 11)
For the integer N searching, the following procedure is applied.
	for(N1)
      for(N2)
              for(N3)
                      for(NM)    /// Where the M is the number of gNB that are involved in Positioning
                                  // To store N1 ~ NM
                                  // To calculate UE’s coordinates (x,y)
                                  // To calculate distance error under different combination of Ni.
                      end
              end
      end
end
// To find a combination of Ni with least error of distance


It should be noted that, if the initial location of UE were estimated close to its actual location, it may be much easier for UE or LMF to search the optimal UE location. 
In other words, large search range of integer values N will lead to high complexity at the receiver side. With the above method, we provide some simulation results as shown in the Figure 2 where we restrict Nn (integer multiples of wave between UE and nth gNB) values within a limited range for lower complexity, and the initial UE location is determined by TDOA method. If the real Nn value is beyond the limited range, large location errors may be caused.
In the simulation, different searching ranges of integer values N between UE and all TRPs are used, no phase error at either gNB side or UE side is assumed, i.e. it is assumed that UE can achieve perfect phase between itself and each TRP. More details of the simulation assumptions can be found in Annex. 
From the simulation results, it can be observed that, the wider range of the searching integer values, the better positioning performance is provided. Hence, we have the following observation.
Observation 1: In InF-SH, assuming receiver can get perfect phase between itself and the transmitter, very high positioning accuracy can be achieved, especially under a large searching range of integer values.
[image: ][image: ]
Figure 2   Different positioning accuracy under different integer range (for perfect Φ)

Phase assumption at Receiver side
In last RAN1 meeting (#109-e), some simulation scenarios and simulation parameters assumption are agreed. However, there are still some other parameters to be determined. 
3.1 Receiver initial phase error
At the receiver side for DL, there may be an initial phase which may be a random value between 0 and  denoted as Φr (with an unit of 2π, hereafter), hence, the carrier phase Φ will be equal to Φperfect + Φr (with modular of 1.0) where Φr is UE specific or UE antenna specific because of non-calibrated UE antennas. 
Φ = (Φperfect + Φr) mod 1.0                            (Equ. 12)
[image: ]
Figure 3    Positioning accuracy with random carrier phase error at UE (No phase calibration)
With this model, a simulation is performed with different initial phases, and integer searching scope N±10 as shown in the Figure 3 above. From this figure, it can be observed that, when the phase error is greater than 0.02*2π, the accuracy of positioning will be worse than that of TDOA@CDF=90%.
Now, we will check whether this initial phase error can be eliminated. As the Figure 1 above, for gNB j, gNB k, UE 1 to be positioned (UE 1 with coordinates of (x,y)), the distance equations with carrier phase are as the following two equations.
                                  (Equ. 13)
                                 (Equ. 14)
After a differential between these two equations, the following equations can be reached.
                      (Equ. 15)
           (Equ. 16)
After linearization of Equ. 16 (e.g., via Taylor expansion to the first order), the carrier phase error at receiver (UE) can be alleviated. That is, the carrier phase error at receiver (in  and ) can be removed (by ). It should be noted that, it is assumed that there is no phase difference between gNB for this case (in case of existence of phase difference between gNB, a dual differential can alleviate it). Hence, we have the following observation.
Observation 2: Study possible method to alleviate carrier phase error at receiver side.
3.2 Phase estimation error
In section 2, the perfect phase value is used in the simulation. That is, no phase estimation error is assumed. However, in the real system, the phase value between each UE and TRP should be estimated at the receiver side based on the channel estimation. In such case, there must be phase estimation error existed, in more or less. In general, more phase estimation error, more location error caused. It is noted that this estimation error cannot be mitigated by differential operation since it is channel estimation error and relying on the channel condition, e.g. larger SINR channel condition corresponds to small estimation error.
As shown in the Figure 3 above, a random phase error between each UE and each TRP is assumed and within 0~Random Phase value (with an unit of 2π). From the simulation results in the Figure 3 above, it can be observed that more phase estimation error cause larger location error. In InF-SH scenario, it can be observed that, for a good performance of positioning, a random carrier phase error should not be larger than 0.04•2π. Hence, we have the following observation.
Observation 3: More phase estimation error cause larger location error.

Consequently, it is important to investigate how to get the estimated phase at the receiver side and how much estimation errors it is. 
Generally, there are three methods to estimate the carrier phase in the simulation as follows. 
· Option 1: From hardware, e.g., PLL.
· Option 2: From frequency domain on baseband, e.g., the carrier phase of center frequency.
· Option 3: From time domain on baseband, e.g., the carrier phase of the first arrival path.
As shown in the above SID bullet, Rel-18 focuses on reusing of existing PRS and SRS for NR carrier phase positioning. In addition, single measurement instance is at least used for the evaluation based on the above Agreement#1. Hence, it is hard to use Option 1 to estimate carrier phase because the existing PRS/SRS is not contiguous in time domain and the duration of one measurement instance is too short for PLL to lock the phase of the PRS/SRS carrier.  
So, we suggest to focus on Option 2 and 3 as described in the following subsections.
3.2.1 From frequency domain
In OFDM system, each sub-carrier (with index i) has its distinctive wave length 
                                   (Equ. 17)
where c is the speed of light, fc is the center frequency of a carrier, Δf is SCS, N is the number of sub-carriers.
The carrier phase  of each sub-carrier (with index i) is 
                                      (Equ. 18)
where d is the distance between gNB and UE. The division of  is to limit a value between 0 and 1 (i.e., the range of phase is normalized into 0 ~ 1). After the equation above, the carrier phase  is described in the following figure.
[bookmark: _GoBack]From this figure, it can be observed that, the carrier phases of sub-carriers are linearly changed with increase of sub-carrier indices, and each sub-carrier has its distinctive carrier phase. That is, the carrier phase of each sub-carrier (including DC sub-carrier, if it were mapped by PRS) can be used for carrier phase positioning. Hence, we have the following observation.
Observation 4: The phase of each sub-carrier (including DC sub-carrier) can be used for carrier phase positioning. 
[image: ]
Figure 4   Carrier phase on frequency domain (at a transmitter)
In practice, the transmission of a sub-carrier may be affected by multiple paths, Doppler shift, interference and noise. As the result of that, the carrier phase estimation relying on only one sub-carrier may not be reliable because of the impact above. To handle this distortion, averaging (or filtering) of signal (in frequency domain) should be performed. As shown in the following figure, the phase estimation error based on all sub-carriers is much less than that only based on DC sub-carrier. In the simulation, DL PRS is used for carrier phase estimation, and no random initial phase is assumed at gNB side. More details of the simulation assumptions can be found in the Annex. Hence, we have the following observation.
Observation 5: It is beneficial to get phase estimation from multiple sub-carriers.
[image: ]
Figure 5   Carrier phase error estimated at UE on frequency domain

3.2.2 From time domain
If the frequency domain signal is transformed into time domain, i.e. IFFT operation is performed on frequency domain, the carrier phase (that represents the real distance between transmitter and receiver, with actual integer part) will be carried on the LOS path (or, the first path) of arrival signal.
Under multiple paths environment, each path has different carrier phase (as the following figure) because each path has differently total distance between transmitter and receiver. Under this kind of circumstance, only the carrier phase of the LOS path is helpful for positioning. Hence, we have the following observation.
As shown in the following figure, the estimated phases in time domain are different for different paths. Note: in the simulation, the range of phase is normalized into 0 ~ 1. Hence, we have the following observation.
Observation 6: The carrier phase can be measured on the LOS path in time domain.
[image: ]
Figure 6   Carrier phase estimated on the strongest 7 paths (on time domain)

Comparing with the carrier phase error from frequency domain (as the following figure), it can be observed that these two methods almost have the same performance. Hence, we have the following observation.
Observation 7: The carrier phase from frequency domain and time domain are almost the same.
To reduce future work, the carrier phase from frequency domain or time domain can be selected for measurement result. Hence, we have the following proposal.
Proposal 1: At least one of the carrier phase from frequency domain or time domain is selected for evaluation. 
[image: ]
Figure 7   Comparison of carrier phase error between frequency domain method time domain method

Phase assumption at transmitter side
In real system, the carrier phase will be affected by many factors (such as interference, thermal noise, frequency drift, etc). Because of non-calibrated RF chains between TRPs, transmitter initial phase error should be modeled.
4.1 Random carrier phase error at transmitter
The carrier phase error model is shown as the following equation.
                              (Equ. 19)
where  is the normalized transmit phase with a range between 0 and 1.0,  is the perfect phase determined by the distance between UE and TRP in the LOS channel condition with a range between 0 and 1.0, and is an random initial transmit phase with a range between 0 and 1.0. It is noted that independent  values are assumed for each TRP. 
With this carrier phase error model, a simulation (without phase calibration) is performed as shown in the following figure. It can be observed that even the initial random phase is limited to 0 ~ 0.001*, the performance is degraded significantly (esp., for a large scope of integer for searching).
In summary, we have the following proposal.
Proposal 2: The following carrier phase error model is adopted for simulation assumption.
· Random carrier phase error at transmitter: , where the phase is normalized to 0~1.

[image: ]
Figure 8   Positioning accuracy with random phase error at TRPs (with N±4, no phase calibration, i.e., no PRU)

In last RAN1#109-e meeting, an agreement was reached as the following. According to this agreement, with the carrier phase error model above, a simulation is performed as the following figure.
From this figure, it can be observed that, a too large scope of integer or a too small scope of integer will decrease the accuracy of positioning. Hence, we have the following observation.
Observation 8: With a practical carrier phase error, for a good positioning performance, an appropriate integer scope for searching should be chosen.
	Agreement
The impact of integer ambiguity on NR carrier phase positioning and potential solutions to resolve the integer ambiguity will be studied in the SI.


[image: ]
Figure 9   Positioning accuracy under different integer range (for practical Φerror=0.02)

4.2 On PRU
For ideal synchronization (SYNC) of frequency, ideal timing align and perfect estimation of carrier phase, there is no need of PRU. However, in most cases, it is hard to achieve these conditions.
As the following figure, for gNB k, (Fixed) UE 1 (PRU), UE 2 with coordinates of (x,y), the distance equations with carrier phase are as the following two equations.
                                   (Equ. 20)
                                   (Equ. 21)


Figure 10   Positioning with PRU (fixed UE)

After a differential between these two equations, the following equations can be reached.
                      (Equ. 22)
           (Equ. 23)
            (Equ. 24)
Similarly, for gNB j and UE 2, the following equation can be reached.
            (Equ. 25)
After a differential between these two gNB (i.e., Equ. 13 and 14), the following equations can be reached.
    (Equ. 26)
    (Equ. 27)
Similar to that in Section 2 (or our previous TDoc (R1-2203626) [3]), with integer search, the coordinates of UE (x, y) can be computed.
With PRU, the carrier phase error from gNBs can be alleviated. That is, the item  has no carrier phase error for gNB j, then the further differential between these two gNB with PRU can remove the carrier phase error of between gNBs.
With this method, a simulation is performed as the following figures. From these figures, it can be observed that, the PRU can improve carrier phase error and positioning accuracy. Hence, we have the following observation.
Observation 9: PRU can alleviate the random phase error at gNB from 2π to about 0.02*2π (i.e., 98% reduction).
Observation 10: PRU is helpful for carrier phase based positioning.
[image: ] [image: ]
Figure 11   Carrier phase error estimated (Left: at gNB, Right: at UE)
 [image: ]
Figure 12   Positioning accuracy with / without PRU (for Φerror=1.0, i.e., 2π)
4.3 Specification effort on carrier phase based positioning
For the specification effort on carrier phase based positioning, the following questions should be taken into consideration.
· How the carrier phase (Φ) is measured? As described in Section 3.2, it can have three potential methods. One method of them (or other method) should be specified in the future.
· What measurement results should be reported? The integer search is time consuming. It is appropriate that the UE (or the network) suggests an initial location to determine the scope of integer N. By the way, the UE (or the network) can also suggest the scope of integer N. Hence, we have the following proposal.
Proposal 3: The scope of integer N should be configured / reported for carrier phase based positioning.

Conclusion
In this contribution, we provide our views on carrier phase measurement based positioning techniques
Observation 1: In InF-SH, assuming receiver can get perfect phase between itself and the transmitter, very high positioning accuracy can be achieved, especially under a large searching range of integer values.
Observation 2: Study possible method to alleviate carrier phase error at receiver side.
Observation 3: More phase estimation error cause larger location error.
Observation 4: The phase of each sub-carrier (including DC sub-carrier) can be used for carrier phase positioning. 
Observation 5: It is beneficial to get phase estimation from multiple sub-carriers.
Observation 6: The carrier phase can be measured on the LOS path in time domain.
Observation 7: The carrier phase from frequency domain and time domain are almost the same.
Observation 8: With a practical carrier phase error, for a good positioning performance, an appropriate integer scope for searching should be chosen.
Observation 9: PRU can alleviate the random phase error at gNB from 2π to about 0.02*2π (i.e., 98% reduction).
Observation 10: PRU is helpful for carrier phase based positioning.

Proposal 1: At least one of the carrier phase from frequency domain or time domain is selected for evaluation.
Proposal 2: The following carrier phase error model is adopted for simulation assumption.
· Random carrier phase error at transmitter : , where the phase is normalized to 0~1. 

Proposal 3: The scope of integer N should be configured / reported for carrier phase based positioning.
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Annex
[bookmark: _5.1_Simulation_setting]7.1 Simulation setting
The other suggested simulation parameters are listed in the following Table 1.
Table 1    Simulation setting
	Parameter
	Setting

	Scenario
	InF-SH

	Carrier frequency
	3.5GHz

	Bandwidth / SCS
	100MHz / 30kHz
50MHz / 30kHz

	Reference signal
	PRS

	Carrier Phase estimation 
	Perfect Φ 
Practical Φ measurement

	Algorithm for positioning
	MUSIC, DL-TOA
Carrier phase based positioning

	Synchronization between gNB
	Ideal

	Number of UEs per site
	10
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