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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 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.

Measurement Model
In this section we present the basic measurement model we use. The model can be further detailed to include various error sources. 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 straightforward 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. 
Positioning method
This section presents several observations and proposals related to the positioning method; how carrier phase measurements can be performed and used. 3GPP has agreed on the following:RAN1#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

Sidelink carrier phase-based positioning
Regarding the FFS on whether to study sidelink carrier phase-based 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: _Toc115422759]Carrier phase-based positioning using sidelink measurements is not considered in NR Rel. 18.
Hybrid CPP and DL/UL TDOA or Multi-RTT
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. Furthermore, we note that hybrid TDOA+CPP positioning is exactly how many GNSS systems operate, where both pseudo-range measurements and carrier phase measurements are used together for positioning. We expect that such hybrid solution can be implemented for NR with very limited impact on the radio interface since both TOA and carrier-phase measurements can be performed on the same UL-SRS or DL-PRS signals. In fact, TOA and carrier-phase estimation is can be done jointly.
[bookmark: _Toc115422744]The fact that carrier phase measurements give range information makes it natural to combine with other range methods for positioning, e.g., DL-TDOA, UL-TDOA and Multi-RTT.
[bookmark: _Toc115422745]Hybrid positioning with CPP and RTT or DL-TDOA or UL-TDOA is expected to have limited impact on the radio interface since carrier phase and time-of-arrival measurements can be performed jointly on the same reference signals.
Estimating the carrier phase of the LOS pathRAN1#110:
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.

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 measure

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: _Toc115422746]The carrier phase computed for all paths jointly can be significantly different compared to the phase of the LOS path in multipath environments.
The above observation implies that any definition of carrier phase measurements must 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: _Toc115422760]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.
There are different practical methods in both time- and frequency-domain to perform the measurement (1). Next, we outline the method we use. In baseband the receiver estimates the channel impulse response


Above, the expression is the autocorrelation function of the baseband reference signal , time-shifted so that it has its peak at . Consequently, we can obtain the phase from 
	
	(3)



                                                                               
Of course, the true LOS delay  is not known, so instead we use the TOA estimate .
[bookmark: _Toc115422747]The carrier phase measurement can be obtained from the complex angle of the estimated channel impulse response at the delay of the LOS peak.
Integer ambiguity resolution
An instrumental part of a carrier phase based positioning solution is the integer ambiguity resolution. RAN1 has agreed:
	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.



Virtual frequency from TOARAN1#109e:
Agreement
The study of the accuracy improvement based on NR carrier phase measurements in Rel-18 SI may include:
· NR carrier phase positioning with the carrier phase measurements of one carrier frequency or multiple frequencies

1. 
1. Several companies suggest using virtual carrier phase measurements to resolve the integer ambiguity problem. This technique is used in GNSS and then known as wide-lane/narrow-lane observables. Generally, virtual carrier phase measurements are obtained as linear combinations of actual carrier phase measurements. Our understanding is that this would be applied to the subcarriers which the DL PRS resp. UL SRS are transmitted on. This would require that (sub-)carrier phase measurements are reported for individual subcarriers, i.e. a significant reporting overhead. However, our analysis here suggests that (almost) equivalent information is captured by a TOA estimate. Hence, reporting of time of arrival (TOA) is sufficient and can be used for the same purpose with minimal/no additional reporting overhead. Like the other companies that study virtual carrier phase measurements, in the following analysis we disregard error sources like initial carrier offset etc. Denote by
1. 
1. 
1. the frequency resp. wavelength of subcarrier . The measurement equation (2) gives relation between the distance between the transmitter and receiver, , and the measured carrier phase, . Disregarding Rx and Tx initial carrier offsets, it simplifies to
1. 
                                                                                                                                                       (4)
1. Generally, a virtual carrier frequency is obtained as linear combinations of carrier frequencies, 
1.                                                                                                                                                                 (5)
1. To mention one example, the GNSS wide-lane observable has the virtual frequency  (the difference between the L1 and L2 carriers frequencies) corresponding to the virtual carrier wavelength For the general case, the virtual carrier phase measurement corresponding to the virtual carrier frequency (5) is 
1. 
The coefficients  can be selected such that the virtual carrier wavelength  is long. Then it is easier to determine the integer  and obtain a rough distance estimate. By repeating the procedure with gradually shorter virtual carrier wavelength, the distance estimate resolution gets finer and finally the integer ambiguity problem of the (sub-)carriers can be resolved.
Consider the LOS channel

in frequency domain,
.
Note that , i.e. a linear function in frequency with slope . 
The standard method for TOA estimation is to correlate the known transmitted signal with the received signal to get an estimate of the channel for each subcarrier,  . Then, after IFFT, peak detection can be done in the time domain. However, in the frequency domain this corresponds to fitting a line to the points . The slope of the line gives an estimate of the delay, . 
For illustration, in Figure 1 we have plotted subcarrier measurements (4) with additive white gaussian noise. Additionally, we have fitted a line with slope . The line goes through the point , that is, the central carrier frequency and the estimated central carrier phase. Instead of reporting the carrier phase measurements of individual subcarriers, it is sufficient to report the of center carrier phase,  and the estimated delay, . With these two, it is possible to compute the phase at any other subcarrier frequency, or virtual frequency for that matter. For instance, a virtual carrier frequency  will have the virtual carrier phase measurement . 
(Recall that we use  for phase and  for normalized phase.)
[image: ]
[bookmark: _Ref111706401]Figure 1: In frequency domain, TOA estimation can mean to fit a line to the phases of individual subcarriers.
[bookmark: _Toc115422748]Reporting the carrier phase of individual subcarriers does not add any information compared to reporting the center carrier phase and the estimate time-of-arrival of the reference signal.
[bookmark: _Toc115422761]We propose that the TR captures the result of Observation 5 that “Reporting the carrier phase of individual subcarriers does not add any information compared to reporting the center carrier phase and the estimate time-of-arrival of the reference signal.”
Multi-hypothesis Integer Ambiguity Resolution
Assume carrier phase-based positioning in uplink with one transmitter (the UE) and  receivers (TRPs). With 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 Multi-hypothesis IAR methodology can be combined with hybrid positioning or wide lane methods in at least the following ways: 
i. Some hypotheses 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: _Toc115422749]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.

A brute-force approach quickly becomes infeasible as the number of measurements grow: With the InF scenario there is one measurement associated with each of the 18 TRPs. If we use a UE position estimated from TDOA as a starting-point and formulate 10 hypotheses for each measurement around that, then we end up with  hypotheses. (10 hypothesis   in midband. This approximately reflects the positioning uncertainty of TDOA). Clearly the search space of hypotheses must to be reduced. This can be done with e.g. the LAMBDA [3] method. In the simulations for this contribution we generate hypotheses for the integer vector N as follows:
· Generate  random positions. The expected value of the random positions is the UE position as estimated with TDOA. The standard deviation is in line with the TDOA positioning uncertainty (e.g. 0.5 meter).
· For each random position , compute the corresponding vector of integers . Use this vector as one hypothesis.
In Step 3. of the general algorithm, the likelihood of each hypothesis is evaluated from measurement residuals: Given the estimated UE position (Step 2) and the carrier phase measurements, how large are the measurement errors? The success of a multiple-hypothesis IAR method relies on that the true hypothesis for the vector N is evaluated as the most likely. However, the measurement-residuals are non-zero only if the positioning problem is over-determined (i.e., there are more equations than unknowns). If the equation system is exactly solvable then all residuals will be zero, and then all hypotheses will be evaluated as equally probable. This happens when there are 3 TRPs for 2D positioning and 4 TRPs for 3D positioning.
[bookmark: _Toc115422750]With 3 TRPs (positioning in 2D) resp. 4 TRPs (positioning in 3D), any hypothesis for N together with the carrier phase measurements 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.
[bookmark: _Toc115422751]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: _Toc115422762]Capture the conclusion of Observation 8 in the technical report 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.”
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 (decimetre or even centimetre), it is questionable if the 2D positioning assumption is still valid.
[bookmark: _Toc115422763]Study if a 2D positioning assumption is realistic when the target accuracy level is in the order of centimetres/ decimetre.
Estimating initial 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: _Toc115422752]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: _Toc115422764]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. 
Verification of measurement model
To verify the measurement model, here we present simulations with the InF model. The configuration is according to the RAN1#110 agreement, see Table 1. 
Table 1: Simulation parameters for ”verification of measurement model”
	Parameter
	Verification of measurement model

	Scenario 
	InF SH

	Single carrier frequency, or multiple carrier frequencies, GHz
	Single carrier, 3.5 GHz

	Bandwidth, MHz
	100 MHz

	Subcarrier spacing, kHz
	30 kHz

	RS signal descriptions
	UL SRS

	Carrier phase estimation techniques 
	Equation (3)

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

	UE/TRP Initial phase offset 
	No

	CFO/Doppler
	No

	Oscillator-drifts
	No

	ARP errors
	No

	Phase Center Offsets
	No

	Initial phase offset at Rx/Tx
	None



The carrier phase measurement model (2) for transmitter  and receiver  is here restated. Observe that we are not applying any Rx/Tx initial phase offset.
                                                                                                                            
Deployment: See Figure 2. Instead of a random drop of UEs over the deployment area, we dropped 5000 UEs on a straight line separated by , the first UE at  and the last at . 
TRP#15
5000 UEs dropped at a line 
segment separated by .
TRP#9
Figure 2: Illustration of deployment for measurement equation verification.


In Figure 3 we have plotted the phases measured by TRP#9 from the UEs (y-axis) versus distance between the TRP and the UEs (x-axis). In Figure 4 the phase measurements are unwrapped, showing more clearly the linear relationship between phase and distance, which appears to confirm the measurement model. Similar plots can be obtained with measurements from UL SRS signals from other TRPs.
[image: ]
Figure 3: Measured normalized phase  vs. distance from TRP#9. UE1 is used as reference meaning that the phase and distance of other UEs are deltas compared to UE1. Only the measurements from the first 50 UEs are plotted (to make the saw-tooth pattern visible).
[image: ]
Figure 4: Same as Figure 3 but the phase is unwrapped. The linear trend appears to confirm the measurement equation.

Next, in Figure 5 we plot the measurement error  vs. distance. This plot reveals that there are measurement errors which vary with the distance from the TRP. The errors are significant. Our current analysis is that the errors observed in Figure 5 are due to multipath effects. Although the method we use for phase measurements, equation (3), is designed to minimize multipath effects, it is still sensitive to e.g. floor reflections that gets mixed up with the LOS path in the first detectable peak of the CIR. We would like to hear if other companies have observed similar phenomena and what their analysis of it is.
[image: ][image: ]
Figure 5: (Normalized) Carrier phase measurement error. UE1 is used as reference. 
Top: TRP#9, Bottom: TRP#15
[bookmark: _Toc115422753]We observe spatially correlated measurement errors from the InF channel. The errors for two nearby UEs are of similar magnitude but the error for two spatially separated UEs can vary a lot. 
Performance analysis for NR positioning enhancementsRAN1#109e:
Agreement
· 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
RAN1#110:
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: 
0. Ideal: no ARP error
0. 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



The simulation results presented in this section are obtained with the parameters and methods summarized in Table 2. Notice that the evaluations are performed with Hybrid UL-TDOA and CPP based positioning, where in a first step, UL-TDOA is used to estimate a rough UE position which is later refined by carrier phase-based methodology.
Table 2: Simulation parameters, Performance analysis
	Parameter
	

	Scenario 
[TS 38.855, TS 38.857]
	InF-SH

	Single carrier frequency, or multiple carrier frequencies, GHz
	Single carrier frequency

	Bandwidth, MHz
	100 MHz

	Subcarrier spacing, kHz
	30 kHz

	RS signal descriptions
	UL-SRS for positioning, 4 OFDM symbols, Comb 4, Tx Power boosting (23 dBm)

	NR Carrier phase positioning method 
	UL

	R16/R17 positioning method 
	Hybrid positioning with UL-TDOA providing initial coarse UE position estimate

	Carrier phase estimation techniques
	Time domain, see equation (3)

	Differential positioning techniques if used 
	Double-differentiation using PRU. PRU deployment density is configurable.

	Integer ambiguity resolution techniques 
	Multi-hypothesis IAR, see Section 3

	Multipath mitigation techniques 
	First path detection, see equation (3)

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

	UE position calculation algorithm
	Robust (to outliers) least squares

	Network synchronization assumption (e.g., 0ns, 10ns, ..)
	For UL-TDOA we assume no sync. errors (for coarse UE position). 

	UE/TRP Initial phase offset 
	Random uniform [0 2pi]

	CFO/Doppler
	No

	Oscillator-drifts
	No

	ARP errors
	Yes, see below for details.

	Phase Center Offsets
	No

	Phase noise (FR2)
	No



PRU deployment density
In Section 4 we observed significant carrier phase measurement errors which comes from the channel. From Observation 10, the errors for two UEs which are nearby each other is similar, but two spatially separated UEs can have significantly different errors. When a PRU is used then any absolute measurement error from the channel will be calibrated/compensated for. However, Observation 10 suggests that the compensation factors of a PRU will only be valid for nearby UEs. 
[bookmark: _Hlk115178409]In Figure 6 we evaluate how the positioning accuracy depends on the PRU deployment density. Three different configurations are compared and the difference between the configurations lies in how far from the UE that the PRU is. As expected, the best results are obtained when the PRU is really close to the UE.
[image: ]
[bookmark: _Ref115360898]Figure 6: Positioning accuracy, Hybrid UL-TDOA and UL CPP based positioning. Due to spatial channel variations the positioning performance is better if the PRU is nearby.
[bookmark: _Toc115422754]A higher density deployment of PRUs used for double-differentiation gives better positioning performance. 
Since the PRU density appears to have a significant impact on the achievable accuracy we think that it is important that companies reporting simulation results includes information of how PRUs are deployed (if used).
[bookmark: _Toc115422765]When reporting results for carrier phase-based positioning accuracy, if PRUs are used for double-differentiation then the PRU deployment should be reported.

ARP errors
Here we present positioning accuracy results for varying degree of uncertainty in TRP and PRU positions. No other error sources are introduced. PRUs are densely deployed (average distance from UE is 1 meter), minimizing the channel errors that could otherwise be observed. The results are shown in Figure 7. As expected, the positioning error increases with the ARP errors. With 5cm ARP errors, the accuracy is ~10cm at the 50 percentile.
[image: ]
[bookmark: _Ref115420268]Figure 7: Positioning error CDFs, Hybrid UL-TDOA and UL CPP based positioning with ARP errors.
[bookmark: _Toc115422755]The positioning errors increases with larger ARP errors.
We conclude that absolute positioning using carrier phase measurements will require a dense deployment of TRPs, mounted with very high accuracy (low ARP errors). If PRUs are used for double-differentiation, then also their positions must be known with centimeter-accuracy. Such deployment will be very expensive and limit the applicability of (absolute) carrier phase based positioning. 
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: _Toc115422756]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: _Toc115422766]Study variations in phase offset due to angle of departure and angle of arrival and methods to mitigate them.





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 with other range methods for positioning, e.g., DL-TDOA, UL-TDOA and Multi-RTT.
Observation 2	Hybrid positioning with CPP and RTT or DL-TDOA or UL-TDOA is expected to have limited impact on the radio interface since carrier phase and time-of-arrival measurements can be performed jointly on the same reference signals.
Observation 3	The carrier phase computed for all paths jointly can be significantly different compared to the phase of the LOS path in multipath environments.
Observation 4	The carrier phase measurement can be obtained from the complex angle of the estimated channel impulse response at the delay of the LOS peak.
Observation 5	Reporting the carrier phase of individual subcarriers does not add any information compared to reporting the center carrier phase and the estimate time-of-arrival of the reference signal.
Observation 6	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 7	With 3 TRPs (positioning in 2D) resp. 4 TRPs (positioning in 3D), any hypothesis for N together with the carrier phase measurements gives an exact solution for the UE position. Consequently, Multi-hypothesis IAR is not possible since all measurement residuals are zero.
Observation 8	For successful Multi-Hypothesis IAR, a redundancy in number of TRPs is needed, especially when the accuracy of each carrier phase measurements is reduced.
Observation 9	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 10	We observe spatially correlated measurement errors from the channel InF channel. The errors for two nearby UEs are of similar magnitude but the error for two spatially separated UEs can vary a lot.
Observation 11	A higher density deployment of PRUs used for double-differentiation gives better positioning performance.
Observation 12	The positioning errors increases with larger ARP errors.
Observation 13	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 14	Tracking the carrier phase over time can be used to detect “cycle slips” and resolve the integer ambiguity problem.
Observation 15	Tracking the carrier phase over time requires measurement updates with a very short period.


Based on the discussion in the previous sections we propose the following:
Proposal 1	Carrier phase-based positioning using sidelink measurements shall not be considered in NR Rel. 18.
Proposal 2	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 3	We propose that the TR captures the result of Observation 5, repeated:  Reporting the carrier phase of individual subcarriers does not add any information compared to reporting the center carrier phase and the estimate time-of-arrival of the reference signal.
Proposal 4	Capture the conclusion of Observation 8 in the technical report: For successful Multi-Hypothesis IAR, a redundancy in number of TRPs is needed, especially when the accuracy of each carrier phase measurements is reduced.
Proposal 5	Study if a 2D positioning assumption is realistic when the target accuracy level is in the order of centimetres/ decimetre.
Proposal 6	Study different ways for phase offset estimation and phase alignment, including joint position and phase offset estimation using multiple UEs.
Proposal 7	When reporting results for carrier phase-based positioning accuracy, if PRUs are used for double-differentiation then the PRU deployment should be reported.
Proposal 8	Study variations in phase offset due to angle of departure and angle of arrival and methods to mitigate them.
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