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[bookmark: _Ref40390915][bookmark: _Ref189046994]Introduction
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 our views and proposals in line with this objective.
Problem description
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. However, GNSS carrier phase positioning methods rely on the resolutions of several technical difficulties which also need to be tackled in an NR context.
Stand-alone positioning or hybrid positioning
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. There is for instance a phase offset because the oscillators of the transmitter and receiver are asynchronized. Another error source is receiver clock drift. Naturally, the integer  must also be determined for all involved TRP-UE links for an absolute positioning solution.
The resolution of the “integer wavelength ambiguity” problem and the handling of the phase offset are important parts of a carrier phase-based positioning solution, among many other technical challenges. All standardized Rel. 17 Positioning methods can estimate the position of a UE given measurements that are obtained at a single time instant. This is ideally what we want for a carrier phase-based positioning method too. But 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.

[bookmark: _Toc102146555]Carrier phase measurements can be used for a stand-alone positioning method or it can be used to assist already existing positioning methods.
[bookmark: _Toc102168305]Study the following:
1) whether a stand-alone positioning method for NR can be built from carrier phase measurements.
2) whether carrier phase measurements can be combined with any of the standardized Rel. 17 positioning methods to improve the accuracy.
In the following we refer to these two applications of carrier phase measurements as stand-alone carrier-phase-based positioning and carrier phase assistance.
Evaluation methodology
The evaluation models IOO, InF, UMa, UMi are all applicable to carrier phase based positioning, both as a stand-alone method and as assistance information. The indoor scenarios are however more relevant as GNSS can support the outdoor scenarios and because we are targeting very high accuracy levels, fractions of a wavelength, which are more likely in for instance dense factory deployments. By using the IOO and InF models, we can also assess if potential positioning accuracy enhancements are enough to motivate changes in the standard.

[bookmark: _Toc102168306]Evaluate carrier phase-based positioning solutions with the IOO and InF scenarios.
Moreover, we believe that carrier phase measurements are most interesting in FR1 and that carrier phase assistance are primarily relevant for timing/ranging based positioning methods, i.e. UL-TDOA, DL-TDOA and Multi-RTT.
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: Assume a 3 GHz carrier where 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: _Toc102146556]Tracking the carrier phase over time requires measurement updates with a very short period.

Aside from the technical challenge to continuously deliver measurement updates with a high enough frequency, positioning standardization in 3GPP has considered tracking as an application, nothing which is assumed. For these reasons we propose to study carrier phase-based positioning solutions that does not require to continuously track the carrier phase. Any performance evaluations must not assume that it is possible to track the phase over time.

[bookmark: _Toc102168307]Performance evaluations must not assume that it is possible to track the carrier phase over time.
Technical challenges
We have already outlined a few technical challenges such as the resolution of the integer ambiguity problem and mitigation of error sources such as carrier offset. In this section we describe additional technical challenges.
Oscillator drift
As already mentioned, a carrier phase measurement is subject to a phase offset due to asynchronized oscillators in the receiver and transmitter. In presence of oscillator-drift, this phase offset will be time-varying, which needs to be handled. We note that the relative oscillator-drift is unique for each TRP-UE pair.

[bookmark: _Toc102146557]The carrier-phase offset is time-varying in presence of oscillator-drift.
[bookmark: _Toc102146558]Relative oscillator-drift is unique per TRP-UE pair.

One possible method to handle clock-drift and time-varying phase offset can be to combine uplink and downlink carrier phase measurements (in an RTT manner) to cancel out the error sources.

[bookmark: _Toc102168308]Study the implications of oscillator-drift and methods to handle the errors it introduces.
Multipath propagation
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). If carrier phase measurements are defined, then their definitions should take the aspect of different paths into account. One way is to simply assume that the carrier phase is for the first path, and as with TOA another possibility could be to define carrier phase measurements for additional paths.

[bookmark: _Toc102168309]Study methods to measure the carrier phase of the first path.
[bookmark: _Toc102168310]Study methods to measure the carrier phase of additional paths.
[bookmark: _Toc102168311]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.
Doppler
For UEs or TRPs which are moving, the doppler shift will impact carrier phase measurements. This too has to be accounted for in a positioning solution.

[bookmark: _Toc102146559]Doppler shift due to moving UE/TRP must be accounted for in a carrier phase based positioning solution.
Reference signals for carrier phase measurement
The SID objective is 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: _Toc102168312]Study methods to obtain the carrier phase from PRS and SRS.

Conclusion
In the previous sections we made the following observations: 
Observation 1	Carrier phase measurements can be used for a stand-alone positioning method or it can be used to assist already existing positioning methods.
Observation 2	Tracking the carrier phase over time requires measurement updates with a very short period.
Observation 3	The carrier-phase offset is time-varying in presence of oscillator-drift.
Observation 4	Relative oscillator-drift is unique per TRP-UE pair.
Observation 5	Doppler shift due to moving UE/TRP must be accounted for in a carrier phase based positioning solution.


Based on the discussion in the previous sections we propose the following:
Proposal 1	Study the following: 1) whether a stand-alone positioning method for NR can be built from carrier phase measurements. 2) whether carrier phase measurements can be combined with any of the standardized Rel. 17 positioning methods to improve the accuracy.
Proposal 2	Evaluate carrier phase-based positioning solutions with the IOO and InF scenarios.
Proposal 3	Performance evaluations must not assume that it is possible to track the carrier phase over time.
Proposal 4	Study the implications of oscillator-drift and methods to handle the errors it introduces.
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 methods to obtain the carrier phase from PRS and SRS.
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