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Introduction
The Rel-18 NR positioning evolution SID was agreed upon during the RAN#94-e [1] meeting, where one of the objectives included improved accuracy using NR carrier phase measurements. The following agreements were made during RAN1#109-e [2] to further study the potential and benefits of Carrier Phase positioning:
	Carrier Phase:
Agreement
NR carrier phase positioning performance will be evaluated at least with the carrier phase measurements of a single measurement instance.
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.
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 

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.
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
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
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. 
Agreement
The use of PRUs to facilitate NR carrier phase positioning can be evaluated in the SI by RAN1.




This contribution provides a discussion on the various issues to consider NR carrier phase measurements as part of the positioning framework.
Introduction
Carrier phase measurements is a ranging technique, which has been widely employed in GNSS. It basically enables the determination of the range between the satellite and the receiver in units of cycles of the carrier phase via carrier phase measurements to determine the propagation distance. Under ideal obstruction-free open sky conditions (LOS conditions), positioning accuracy of within the centimetre-level accuracy can be targeted.
Carrier phase positioning appears as a promising candidate for 5G NR positioning. However, to achieve the centimetre-level accuracies several impairments and error sources should be studied and mitigated.
One of the main challenges in positioning with carrier phase measurements is the unknown number of integer cycles between the transmitter and the receiver, known as integer ambiguity (See Figure 1). Different methods can be used to determine the values of integer ambiguity for standalone and non-standalone carrier phase-based positioning. 
Multipath, NLOS and error sources (such as phase noise, transmitter/receiver initial phase error, oscillator drifts…etc) may cause additional inaccuracies of the carrier phase measurements, which also need consideration in the context of the NR positioning framework. 
In this document, we present some considerations for employing carrier phase-based positioning methods in 5G NR systems. In particular, we propose a new method of constructing positioning reference signals (PRS) that is efficient for phase measurement. The proposed PRS configuration method has superior phase measurement accuracy compared to the Release-17 staggered PRS pattern. In addition, we propose a new method for resolving the integer ambiguity for standalone carrier phase positioning.




  
[bookmark: _Ref102149643]  Figure 1: Carrier phase-based positioning in NR
Discussion
Target Requirements
The 3GPP Rel-17 NR positioning enhancement study item targeted higher positioning accuracy and lower latency when compared to Rel-16, in an effort to support high accuracy and latency requirements for supporting new applications and industry verticals for NR such as IIoT environments. In order to evaluate the performance of carrier phase measurements in NR, a good starting point of the study would be to define the target positioning requirements. Based on the RAN plenary discussions in [3], enhanced accuracy was discussed to be the main driver for the study of carrier phase measurements and the target performance requirements should discussed with respect to the accuracy KPIs (including horizontal and vertical accuracy). 
Observation 1: The accuracy requirements may be more stringent compared to past methods, based on the carrier wavelength, however the requirements may be different based on indoor and outdoor scenarios.
Proposal 1: RAN1 to study and define the performance requirements of carrier phase positioning in terms of horizontal and vertical accuracy requirements based on the FR1/FR2 carrier wavelengths as well as distinguishing the accuracy according to different environments, e.g., indoor vs outdoor.
NR Carrier phase reference signal RS design
Due to the nature of carrier phase measurements to be performed, the reference signal design is a key issue for discussion. The SID also provides priority guidance for the study of the existing PRS and SRS design to support carrier phase measurements in InF-SH and InF-DH (IIoT) scenarios. Whether to use existing PRS or a new PRS design for carrier phase also depends on whether the use of the existing RS designs can meet the target positioning requirements as indicated in Proposal 1. 
Observation 2: The study of new RS designs for carrier phase may lead to larger specification impact.
NR PRS design based on the existing OFDM design was tailored to accommodate good hearability/detectability performance for RAT-dependent timing-based and angular-based positioning methods using staggered comb pattern designs. In order to obtain enhanced estimates of the carrier phase, the received signal should ideally be continuous in time which should be considered with respect to the existing OFDM-based NR PRS design. 
The waveform of the PRS symbols must therefore be continuous in nature behaving as a sinusoidal tone spanning the whole transmission of the consecutive symbols. In the context of the CP-OFDM structure of NR, it is not easy to obtain such pure tone signal that leads to continuity at the end of the block symbols, without major changes to the current design. Due to the CP operation, the tail portion of a symbol samples is copied and placed in the prefix region. As a result, most subcarrier waveforms are discontinuous in the symbol boundary as shown in Figure 2. This makes it difficult to create a continuous waveform spanning multiple symbols. 
[image: ]
[bookmark: _Ref111200077]Figure 2: Discontinuous CP-OFDM waveform  
                                              
Even though a note in the RAN1#109e agreement stated that existing Rel-17 DL/UL reference signals in Uu interface are to be used for the based line IIoT scenarios, we are of the view that a new continuous reference signal could be designed for carrier phase positioning allowing more accurate phase estimation, which would be particularly beneficial for the important indoor scenarios. The new PRS waveform discontinuity issue could be overcame using a raised cosine technique in time domain. This technique allows for smoothing the edges of the OFDM symbol and having a continuous waveform without impacting the OFDM total symbol duration. This technique is shown in Figure 3.
Observation 3: Re-using the current OFDM-based PRS/SRS design may provide some challenges due to the lack continuity in time to accurately estimate the carrier phase.
Proposal 2: To improve the positioning performance of NR by applying the carrier phase positioning method, the PRS waveform should be continuous. This is enabled by performing raised cosine technique over the PRS waveform.






Figure 3: Continuous PRS waveform using the Raised Cosine technique
Current Rel.16/17 DL positioning reference signal design is based on a 31-bit Gold code sequence and a physical resource mapping according to a comb-structure in frequency. Different TRPs could be multiplexed on same slots using different frequency offsets. This design is very efficient and reliable for estimating the time of arrival (ToA) in presence of interfering DL PRSs from neighboring TRPs, when using a timing-based positioning technique. In this case, the higher the DL PRS bandwidth, the better the positioning accuracy. 
The reference signal designed for carrier phase measurements needs to be mapped at constant frequency, into a block-type arrangement in time domain which implies mapping of the carrier phase PRS to contiguous symbols. This is to allow for subcarrier frequencies to be kept constant during the phase estimation period. The same pattern is also used in PTRS (phase tracking reference signal) design. Figure 4 is an illustration of the C-PRS mapping to physical resources. Different UEs/TRPs can be multiplexed in frequency domain on same slots, each using a different frequency offset to avoid collision.
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Figure 4: Contiguous mapping of PRS for carrier phase-based positioning
Proposal 3: To improve the positioning performance of NR by applying the carrier phase positioning method, contiguous mapping of PRS generating sequence in time domain needs to be studied.
Carrier phase measurements and bandwidth requirements
Unlike timing-based positioning techniques, the carrier phase positioning reference signal bandwidth could be narrower than the current PRS bandwidth. The carrier phase PRS may start at any PRB in the system bandwidth.

The relaxed bandwidth requirements for carrier phase measurements compared to timing-based positioning could be shown using the Crámer-Rao  lower bound (CRLB). The CRLB on the ranging error variances for both TDoA and carrier phase-based positioning are defined in Eq. 1 and Eq. 2. CRLB shows that the accuracy of timing-based positioning methods depends on the reference signal bandwidth. However, carrier phase positioning accuracy does not depend on the bandwidth of the reference signal, and its positioning accuracy is related to the radio frequency. 
	
	
	
	(1)



where  is the mean square bandwidth of the signal and  is the Fourier transform of the signal . However, in the case of carrier phase positioning, the CRLB is derived to be:

                                                                                                               (2)

where  is the ranging error variance,  is the speed of light, f is the radio frequency,  is the carrier-to-noise ratio, and M is the number of measurements.
Proposal 4: RAN1 to further study the support of narrower bandwidth configurations for carrier phase-based positioning. 

Positioning Reference Units (PRUs)
If carrier phase measurements are used in conjunction with existing techniques such as DL-TDoA (in a hybrid fashion to determine the TOA and carrier phase), timing and phase errors may occur from the transmitter (gNB/TRPs) and receiver (UE) perspective. In order to overcome such errors, UEs with a known location can be used to eliminate such hardware impairments via the double differential technique in the case timing-based corrections.  This aspect was extensively discussed in Rel-17 under the concept of so-called positioning reference units (PRUs) with no further progress on this aspect. In terms of supporting enhanced accuracy for carrier phase measurements PRUs may assist in reducing the integer ambiguity search space via the assistance of multiple PRUs in the vicinity of the target-UE. The known locations of the PRU assist in establishing a reference for integer ambiguity resolution. 
The carrier phase of the received signal (e.g., PRS) could be written as in equation (1).

                                                                                          (1)

Where N is the integer ambiguity, f is the carrier frequency of the received signal, d is the distance between the transmitter and receiver and c is the speed of light.
In order to estimate the distance , it is necessary to estimate the integer ambiguity  correctly. Only when the integer ambiguity is estimated correctly, can the positioning accuracy of carrier phase reach the CRLB (Cramer Rao Lower bound).
Several approaches have been proposed in the literature for integer ambiguity resolution. Hereinafter, we propose resolving the integer ambiguity of the carrier phase measurement using assistance information provided by PRUs to LMF in the case of network-assisted positioning and to the target UE in the case of UE-based positioning. This approach allows for the use of PRS transmitted over single carrier frequency and is designed for standalone carrier phase positioning, unlike other methods based on virtual wavelength and extended Kalman filter. 
Using assistance information from positioning reference units (PRUs) located in the vicinity of a target UE possibly served by the same Tx PRS beam, the integer ambiguity could be resolved. Prior to that, during an exploration session, PRUs determine the value of the integer number of cycles corresponding to different frequencies and create a mapping table for different PRS carrier frequencies. This information is given to a target UE as assistance information from LMF in order to reduce the integer ambiguity search space at UE side. The upper bound on IA could be provided by a PRU whose distance to gNB is larger than distance between target UE and gNB (calculated on the basis of a coarse location). Similarly, the lower bound on IA could be provided by a PRU whose distance to gNB is smaller than distance between target UE and gNB (calculated on the basis of a target UE coarse location).  These PRUs are selected by LMF.
Proposal 5: Support the use of Positioning Reference Units (PRUs) in the vicinity of the target-UE to resolve Integer ambiguity by providing an upper and lower bound on integer ambiguity to reduce the search space. 
Conclusion
The following observations have been noted with respect to the discussion:
Observation 1: The accuracy requirements may be more stringent compared to past methods, based on the carrier wavelength, however the requirements may be different based on indoor and outdoor scenarios.
Observation 2: The study of new RS designs for carrier phase may lead to larger specification impact.
Observation 3: Re-using the current OFDM-based PRS/SRS design may provide some challenges due to the lack continuity in time to accurately estimate the carrier phase.
The proposals are summarized as follows:
Proposal 1: RAN1 to study and define the performance requirements of carrier phase positioning in terms of horizontal and vertical accuracy requirements based on the FR1/FR2 carrier wavelengths as well as distinguishing the accuracy according to different environments, e.g., indoor vs outdoor.

Proposal 2: To improve the positioning performance of NR by applying the carrier phase positioning method, the PRS waveform should be continuous. This is enabled by performing raised cosine technique over the PRS waveform.

Proposal 3: To improve the positioning performance of NR by applying the carrier phase positioning method, contiguous mapping of PRS generating sequence in time domain needs to be studied.

Proposal 4: RAN1 to further study the support of narrower bandwidth configurations for carrier phase-based positioning.

Proposal 5: Support the use of Positioning Reference Units (PRUs) in the vicinity of the target-UE to resolve Integer ambiguity by providing an upper and lower bound on integer ambiguity to reduce the search space.
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