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[bookmark: _Ref40390915][bookmark: _Ref189046994]Introduction
GNSS carrier phase positioning has been used successfully for centimetre-accuracy positioning but is limited to outdoor applications. The objective of this study is to investigate if carrier phase-based positioning can be implemented for NR with similar gains in both indoor and outdoor deployments. The SID for the Rel. 18 “Study on expanded and improved NR positioning” [1] states the following objective:

	· 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




[bookmark: _Ref7792543][bookmark: _Ref7598514]In this contribution we present study results and proposals in line with this objective.
Positioning methodRAN1#109e:
Agreement
The study of the accuracy improvement based on NR carrier phase measurements in Rel-18 SI may include:
· UE-based and UE-assisted carrier phase positioning,
· UL carrier phase positioning and DL carrier phase positioning.
· NR carrier phase positioning with the carrier phase measurements of one carrier frequency or multiple frequencies
· Combination of NR carrier phase positioning with another standardized Rel. 17 positioning method, e.g., DL-TDOA, UL-TDOA, Multi-RTT, etc.
· Note: The use of “carrier phase positioning” does not necessarily mean it is a standalone positioning method
FFS: whether SL carrier phase positioning is to be discussed in Rel-18 SI


It is not clear, and it must be studied, whether a stand-alone NR positioning method can be built from carrier phase measurements, or if they must be combined with TDOA or RTT to deliver improved accuracy. A stand-alone positioning solution should be the top priority which can be evaluated and compared with other existing positioning methods to assess its advantages and disadvantages. In the following we refer to these two applications of carrier phase measurements as stand-alone carrier-phase-based positioning resp. hybrid positioning.
Since carrier phase measurement gives range information, the most natural hybrid positioning alternatives is to use carrier phase measurements together with DL-TDOA, UL-TDOA and Multi-RTT rather than angular positioning techniques.

[bookmark: _Toc111210476]The fact that carrier phase measurements give range information makes it natural to combine it with other range methods for positioning: DL-TDOA, UL-TDOA and Multi-RTT.
Regarding the FFS on whether to study sidelink carrier phase positioning, our opinion is that it is still too early to do that. The sidelink positioning topic has not yet advanced enough with regard to e.g. reference signals and synchronization between devices. This will make it difficult to value the significance of different error sources etc.

[bookmark: _Toc111210486]The study of carrier-phase sidelink positioning is not considered in NR Rel-18.
Evaluation methodologyAgreement
· Reuse the simulation assumptions of NR Rel-16/17 for carrier phase positioning
· Note: Optional modification of the simulation assumptions defined in NR Rel-16/17 are allowed only if needed. 
· The evaluation scenarios:
· Baseline: InF-SH, InF-DH
· Optional: IOO, Umi, Highway
· Note 1: Other evaluation scenarios are not precluded.
· Note 2: Existing Rel-17 DL/UL reference signals in Uu interface is to be used for the Highway scenario.
· Frequency range: 
· Baseline: FR1
· Optional: FR2


An important part of GNSS carrier phase-based positioning solutions is the resolution of the “integer wavelength ambiguity” problem. The range between a transmitter and a receiver is an integer,  complete wavelengths and a fraction of a wavelength. The carrier phase measures the final fraction of a wavelength, but for a complete positioning solution also the integer N must be resolved. GNSS receivers can track a carrier phase continuously over time to detect “cycle slips” of a moving UE. (A cycle slip is when the UE has moved  complete wavelength.) Tracking the phase over time and cycle slip detection can help to solve the integer ambiguity problem.
To track the carrier phase over time with NR, the required frequency of measurement updates can be very large:
Example: At 3 GHz carrier the wavelength is 10 cm. A pedestrian moving at 3.2 km/h = 1m/s moves 10 wavelengths per second. If carrier phase measurement updates are obtained with periodicity 50 ms then the phase will change  radians with every update, which is the maximum tolerable rate of change that can be accepted to track the phase and avoid integer wavelength ambiguity confusion. By the same reasoning, in order to track the phase of a UE in a car that is travelling in 150 km/h requires measurement updates with periodicity ms. For accurate carrier phase tracking the period must be significantly shorter.
[bookmark: _Toc111210477]Tracking the carrier phase over time can be used to detect “cycle slips” and resolve the integer ambiguity problem.
[bookmark: _Toc111210478]Tracking the carrier phase over time requires measurement updates with a very short period.
 
[bookmark: _Ref108010481]Measurement Model
The following agreement was struck during RAN1#109:
	RAN1#109e
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. 



The range between a transmitter and a receiver is  complete wavelengths (an integer) and a fraction of a wavelength. The carrier phase measures the final fraction of a wavelength, but the measurement is subject to different error sources.
Assume a link with one transmitter and one receiver. The transmitted pass-band signal is given by

where  denotes the baseband signal and  denotes the carrier frequency. The term  is an offset due to Tx imperfect synchronization, it includes the RF phase-difference compared to an ideal oscillator.
Assume line-of-sight (LOS) conditions and no multipath, the channel is
,
where  is the transition delay,  the speed of light and  the length of the LOS path between the transmitter and the receiver. The received passband-signal is the convolution

After down-conversion, the received baseband signal is

where the term  is an offset due to Rx imperfect synchronization, it includes the RF phase-difference compared to an ideal oscillator. A carrier phase measurement of this transmission will return the phase 
                                   (1)
Above, the term  corresponds to a modulus operation such that the measured phase is in the range .
For easy notation we use the normalized, estimated phase  When multiple transmitters and receivers are considered we will also use subscript and superscript to keep track on their identities. For transmitter   and receiver  it is easy to reformulate (1) to the following relation 
                                                                                    (2)
where  are the distance between the transmitter and receiver resp. the integer number of wavelengths and the carrier phase measurement between them. 
Estimating phase offsets
During RAN1#109e, it was agreed to evaluate the use of PRU for carrier phase positioning:
	Agreement
The use of PRUs to facilitate NR carrier phase positioning can be evaluated in the SI by RAN1.



During RAN1#109e, several companies suggest the use of PRUs and double-differentiation schemes. The methodology to use reference stations to estimate and compensate for common error sources is successfully used with high precision GNSS. The measurements of a PRU can be used to estimate the initial phase differences of network TRPs. When such differences are compensated for exactly, then we effectively obtain the initial phase errors
,
for TRP . 

Another way to handle the phase offsets is through joint position estimation of multiple UEs. Assume that there are  TRPs and  UEs. Formulating equation (2) for each pair of TRP  and  we have in total  equations. At the same time, there are  unknown phase offsets. Additionally there are  unknown parameters for the position of the UEs (positioning in 3D), so in total  parameters need to be estimated. (Here we assume that the integer ambiguity problem can be resolved, which we also assume for the method with double-differentiation.) Consequently, the system of equations can be resolved when 
 (Positioning in 3D)
[bookmark: _Toc111210479]Joint position and phase offset estimation with m TRPs and n UEs can be done when  for positioning in 3D and when  for positioning in 2D.
[bookmark: _Toc111210487]Study different ways for phase offset estimation and phase alignment, including joint position and phase offset estimation using multiple UEs.
The accuracy of the phase synchronization has significant impact on the performance, just like with the accuracy of time synchronization for TDOA. But, rather than specifying one particular method for phase-alignment (e.g. the use of PRU) we propose that for the simulations we simply assume that all TRPs are phase aligned. Exactly how this has been done does not need to be considered in this study. This is essentially the same approach as has been used for the evaluation of UL/DL TDOA, where TRPs are assumed synchronized. 
[bookmark: _Ref108012033][bookmark: _Toc111210488]For simulations it can be assumed that all TRPs are phase-aligned.
Error sourcesRAN1#109e
Agreement
· 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


Angular dependency of phase offset
In RAN1#109e some companies showed that the initial phase offset of a transmitter can depend on the angle of departure. In equation (2) the parameter  is a function of the direction from the transmitter to the receiver. The variations may depend on which lobe of the antenna diagram that the receiver is in or the choice of precoder etc. We expect that a similar angular dependency may exist on the receiver side, i.e. in eq. (2) the parameter  is a function of the angle of arrival.
[bookmark: _Hlk111104641]Such angular dependency can make single- and double-differentiation techniques useless if the phase offsets experienced by two receivers are different. We make the following observation: 
[bookmark: _Toc111210480]Single and double differentiation schemes to cancel out phase offsets requires that
1) For one specific receiver, the Rx phase offset is the same for received signals from all transmitters, and
2) For one specific transmitter, the Tx phase offset is the same for transmitted signals to all receivers.
It is critical that this kind of effects are investigated and that solutions are provided. 
[bookmark: _Toc111210489]Study variations in phase offset due to angle of departure and angle of arrival and methods to mitigate them.
Multipath propagationRAN1#109e:
Agreement
· 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.

For absolute positioning it is the carrier phase of the LOS path which is of interest. In multipath propagation conditions, each path is received with a separate carrier phase. In order to enable high accuracy carrier phase-based positioning, it may be necessary to single out the carrier phase of the first path (which is the only one that can be the LOS path).
To study the effects of multipath, consider the transmission of a pure sinusoid over a TDL model. We do not consider phase coherency or synchronization errors here. The transmitted signal is
 
where  is the angular velocity. The channel is given by

Above, P is the total number of paths,  is the path gain and  the path delay, . If there is a LOS path, then it is also the first path since it has traversed the shortest distance. The length of the path , is 

where c is the speed of light. The receiver will get

where  is a phase shift due to the transmission delay of path ,

A sum of sinosoids with the same frequency but different phase is another sinusoid with the same frequency but different phase, hence
.
Above, the exact values of the total gain A and the total phase shift  follows from the values of  and . 
With carrier phase-based positioning we seek to estimate the range of LOS paths using carrier phase measurements. However, if in this case the total phase shift is used instead of the phase shift of the LOS path, then there will be an error given by . To make things more specific we compute this error for the TDL A model [2] with delay-spread 600 ns and no measurement noise. In this case the total phase shift error compared to the LOS path is  radians. 
[bookmark: _Toc111210481]The carrier phase computed for all paths jointly can be significantly different to the phase of the LOS path, in multipath environments.
The above observation implies that any definition of carrier phase measurements need to consider the aspect of different paths into account. One way is to specify that the reported carrier phase measurement is for the first path. Another possibility can be to define carrier phase measurements for additional paths.
[bookmark: _Toc111210490]Study methods to measure the carrier phase of the first path.
[bookmark: _Toc111210491]Study methods to measure the carrier phase of additional paths.
[bookmark: _Toc111210492]Any definition of carrier phase measurements should consider the aspect of multipath propagation. 
i) One option is to assume that the measurement is for the first path.
ii) Another option is to define carrier phase measurements for additional paths.
Integer ambiguity resolution
	RAN1#109e:
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.




Multi-hypothesis Integer Ambiguity Resolution
Assume carrier phase-based positioning in uplink with one transmitter (the UE) and  receivers (TRPs). Since there is only one transmitter we can simplify the notation somewhat and write  , where  is the integer number of wavelengths between the transmitter and TRP . Similarly, we write  for the carrier phase measurements corresponding to each TRP. The integer ambiguity problem is to determine the vector N. This may be resolved by finding the most likely hypothesis according to the following steps:
1. postulating multiple hypothesises for the vector N, 
2. compute the UE position given each hypothesis,
3. evaluate the likelihood of each hypothesis,
4. select the hypothesis with greatest likelihood.
We call this methodology Multi-hypothesis Integer Ambiguity Resolution (IAR). A brute-force search which considers all possible hypothesises of N was suggested by some companies at RAN1#109e. We note that the methodology can be combined with hybrid positioning or wide lane methods in at least the following ways: 
i. Some hypothesis may be ruled out because they are inconsistent or extremely unlikely given other positioning measurements (hybrid positioning) or wide lane methods.
ii. A prior probability may be associated with each hypothesis. In step 3, the hypothesis with the greatest posterior likelihood is selected.
[bookmark: _Toc111210482]A Multi-hypothesis Integer Ambiguity Resolution can be combined with hybrid positioning and wide lane methods in the following ways:
i) some hypothesis may be ruled out because they are inconsistent, 
ii) a prior probability may be associated with each hypothesis.
The success of a multiple-hypothesis IAR method relies on that the true hypothesis for N is evaluated as the most likely. This may however not be the case in presence of measurement noise. Next, we present results from a sensitivity analysis that aims to answer the questions:
· How accurate must carrier phase measurements be to obtain successful integer ambiguity resolution?
· How many different TRPs do we need measurements from to have successful integer ambiguity resolution?
Assumptions:
· For the simulations below, we consider the InF-SH deployment of network TRPs. 
· All network TRPs are exactly phase-synchronized. (According to Proposal 2).
Given the hypothesis , , (where  is the number of hypothesises considered) and the phase measurements  , equation (2) becomes 
,
where  is the same for each TRP  (since they are assumed phase synchronized). The distances  are parametrized with the unknown UE position. This system is solved as a regular TDOA problem. As with TDOA, we note that for 2D positioning the problem has an exact solution for  TRPs, and for 3D positioning with  TRPs. However, since it is exactly solvable for all hypothesises , it will not be possible to say that one hypothesis is more likely than another.
[bookmark: _Toc111210483]With 3 TRPs (positioning in 2D) resp. 4 TRPs (positioning in 3D), any hypothesis for N gives an exact solution for the UE position. Consequently, Multi-hypothesis IAR is not possible since all measurement residuals are zero.
With additional TRPs, the system is overdetermined and can be solved with for instance the least squares method. It is then possible to evaluate the likelihood of each hypothesis from the measurement residuals. In Table 2 we show the success-rate of a Multi-Hypothesis IAR method for varying number of TRPs and levels of carrier phase measurement errors. The simulation setup is first described in Table 1.
Table 1: Simulation setup
	Deployment scenario
	TRPs are deployed according to InF-SH. UEs are dropped uniformly over the deployment area. Only measurements from the  closest TRPs are considered but LOS is assumed.

	2D/3D positioning
	2D positioning (x,y coordinates).

	Reference signal
	No reference signal design is considered. We simulate carrier phase measurements according to eq. (1) and add random measurement noise. We consider uplink measurements, but the downlink case is symmetrical.

	Single/double differentiation
	Single, i.e. phase-difference of arrival. We assume that TRPs are phase-synchronized hence no additional double-differentiation is needed.

	Integer Hypothesizes
	The total number of possible hypothesis for N is prohibitively large. We restrict to evaluate all hypothesis with  wavelengths from the true value.

	
	

	
	


 



Table 2: IAR sensitivity analysis. The fraction of successful integer ambiguity resolution depending on carrier phase measurement noise and number of TRPs in LOS to the UE. Values are in percent.
	Columns: #TRPs,
Rows: Meas. Noise level
	4 TRPs
	5 TRPs
	6 TRPs

	Normal distribution, std. 1 degree
	50
	95
	99

	Normal distribution, std. 5
	17
	63
	83

	Normal distribution, std. 10
	7
	41
	57



[bookmark: _Hlk108016599]Carrier phase measurement noise increases the risk that an incorrect hypothesis fits the measurements by chance. From the results we note that for successful Multi-Hypothesis IAR, a redundancy in number of TRPs is needed, especially when the accuracy of each carrier phase measurements is reduced. 
[bookmark: _Toc111210484]For Multi-Hypothesis IAR, carrier phase measurement noise increases the risk that an incorrect hypothesis fits the measurements by chance.
[bookmark: _Toc111210485]For successful Multi-Hypothesis IAR, a redundancy in number of TRPs is needed, especially when the accuracy of each carrier phase measurements is reduced.
These results are obtained for 2D positioning, which is simplified compared to 3D positioning, and still difficulties regarding IAR were observed. The 2D positioning assumption is reasonable in many scenarios when the height of the UE are approximately known, e.g. for positioning of vehicles. However, given the extremely high target accuracy levels of carrier phase based positioning (decimeter or even centimeter), it is questionable if the 2D positioning assumption is still valid.
[bookmark: _Toc111210493]Study if a 2D positioning assumption is realistic when the target accuracy level is in the order of centimeters/ decimeter.
Reference signals for carrier phase measurement
The SID objective to focus on reusing existing PRS and SRS signals for carrier phase measurements. These are wideband signals with many subcarriers but a short duration (in time), which makes a conceptual difference compared to GNSS with a single carrier that is transmitted continuously. However, it is possible to measure carrier phase on PRS / SRS too.
[bookmark: _Toc111210494]Study methods to obtain the carrier phase from PRS and SRS.

Conclusion
In the previous sections we made the following observations: 
Observation 1	The fact that carrier phase measurements give range information makes it natural to combine it with other range methods for positioning: DL-TDOA, UL-TDOA and Multi-RTT.
Observation 2	Tracking the carrier phase over time can be used to detect “cycle slips” and resolve the integer ambiguity problem.
Observation 3	Tracking the carrier phase over time requires measurement updates with a very short period.
Observation 4	Joint position and phase offset estimation with m TRPs and n UEs can be done when  for positioning in 3D and when  for positioning in 2D.
Observation 5	Single and double differentiation schemes to cancel out phase offsets requires that 1) For one specific receiver, the Rx phase offset is the same for received signals from all transmitters, and 2) For one specific transmitter, the Tx phase offset is the same for transmitted signals to all receivers.
Observation 6	The carrier phase computed for all paths jointly can be significantly different to the phase of the LOS path, in multipath environments.
Observation 7	A Multi-hypothesis Integer Ambiguity Resolution can be combined with hybrid positioning and wide lane methods in the following ways: i) some hypothesis may be ruled out because they are inconsistent,  ii) a prior probability may be associated with each hypothesis.
Observation 8	With 3 TRPs (positioning in 2D) resp. 4 TRPs (positioning in 3D), any hypothesis for N gives an exact solution for the UE position. Consequently, Multi-hypothesis IAR is not possible since all measurement residuals are zero.
Observation 9	For Multi-Hypothesis IAR, carrier phase measurement noise increases the risk that an incorrect hypothesis fits the measurements by chance.
Observation 10	For successful Multi-Hypothesis IAR, a redundancy in number of TRPs is needed, especially when the accuracy of each carrier phase measurements is reduced.


Based on the discussion in the previous sections we propose the following:
Proposal 1	The study of carrier-phase sidelink positioning is not considered in NR Rel-18.
Proposal 2	Study different ways for phase offset estimation and phase alignment, including joint position and phase offset estimation using multiple UEs.
Proposal 3	For simulations it can be assumed that all TRPs are phase-aligned.
Proposal 4	Study variations in phase offset due to angle of departure and angle of arrival and methods to mitigate them.
Proposal 5	Study methods to measure the carrier phase of the first path.
Proposal 6	Study methods to measure the carrier phase of additional paths.
Proposal 7	Any definition of carrier phase measurements should consider the aspect of multipath propagation.  i) One option is to assume that the measurement is for the first path. ii) Another option is to define carrier phase measurements for additional paths.
Proposal 8	Study if a 2D positioning assumption is realistic when the target accuracy level is in the order of centimeters/ decimeter.
Proposal 9	Study methods to obtain the carrier phase from PRS and SRS.
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