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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 highlighted SID objectives were outlined to support the discussion:
	Improved Accuracy:
· 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



This contribution provides a discussion on the various issues to consider for NR carrier phase measurements to be included as part of the 3GPP positioning framework.
Carrier Phase Overview
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 (transmitter) 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 range can be targeted. However, such carrier phase measurements are sensitive to certain impairments, which affects the overall positioning accuracy.
One of the main challenges in localization/navigation with regard to 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 ambiguities. As long as the carrier tracking loop maintains lock, integer cycles remain constant. However, several factors including high receiver’s dynamics and momentary loss of phase lock can cause a discontinuity in the integer cycles, while the fractional part of the phase is measured continuously. This discontinuity in the integer cycles is called a cyclic slip. 
Multipath and NLOS (blockages) may cause additional inaccuracies of the carrier phase measurements, which also need consideration in the context of the NR positioning framework. 
Observation 1: GNSS Carrier phase measurements are prone to impairments such as integer ambiguity (cyclic slip) and NLOS/multipath effects.
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[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. The target horizontal positioning requirements defined as shown in Table 2.
[bookmark: _Ref61290411]Table 2: Rel-17 Target Positioning Requirements [2]
	[bookmark: _Hlk100578074]Positioning KPIs
	Commercial Use Cases
	IIoT Use Cases

	Horizontal Positioning Accuracy
	< 1 m for 90% of UEs
	< 0.2 m for 90% of UEs;

	Vertical Positioning Accuracy
	< 3 m for 90% of UEs
	< 1 m for 90% of UEs

	Physical layer latency for position estimation of UE
	< 10 ms
	< 10 ms

	End-to-End Latency for position estimation of UE 
	<100 ms
	< 100 ms, in the order of 10 ms is desired


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). 
Furthermore, the practicality of the use case and environment should also be further considered during the study. According to [3], a few companies have suggested that carrier phase positioning is particularly beneficial for indoor deployments for enhanced accuracy. Indoor scenarios such as indoor office and/or indoor factory settings could there be used as a starting point for evaluations.
Proposal 1: RAN1 to study and define the performance requirements carrier phase positioning in terms of horizontal and vertical accuracy requirements.
Proposal 2: RAN1 to consider indoor scenarios, e.g., indoor office or indoor factories as a starting point for evaluating the performance of carrier phase positioning.
NR Carrier phase RS design
Due to the nature of carrier phase measurements, the reference signal design is a key issue for discussion. The SID also provided some guidance for the study in terms re-using the existing PRS and SRS design to support carrier phase measurements [4]. The study of a new reference signal design may only be considered if found necessary, which may also lead to significant specification impact as well as additional study time. This 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 designed to accommodate good hearability/detectability performance for RAT-dependent timing-based and angular-based positioning methods. 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 be in the shape of a simple sinusoidal tone spanning the whole transmission of the consecutive symbols. Based on the current CP-OFDM structure of 5G NR, it is not easy to derive such a pure tone sinusoidal signal that contiguously leads to 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 cyclic prefix region. As a result, most subcarrier waveforms are discontinuous in the symbol boundary. This makes it difficult to derive a continuous waveform spanning multiple symbols using the existing design. 
Observation 3: Re-using the current OFDM-based PRS/SRS design may provide some challenges due to the lack continuity in time to measure the carrier cycles.
The phase tracking reference signal (PT-RS) has already been employed in FR2 to compensate for impairments such as phase noise and displays good characteristics to compensate for such impairments since it has a higher density of symbols across time.  NR carrier phase reference signal design can therefore also be inspired from the PT-RS design. Since the received phase needs to be tracked, the receiver does not need to know the amplitude of the carrier phase reference signal. Therefore, unlike other reference signals, e.g., DMRS, where the reference signals are formed by a pseudo-random sequence of symbols, carrier phase reference signals can use the exact same symbol. Carrier phase reference signals can also be configured to be UE-specific, and it is also possible for the same subcarrier to be used by multiple users. Collisions can be avoided from multiple TPs, in this case, by introducing an RB level offset when configuring carrier phase RS for each user. A block-type (contiguous across time) symbol configuration such as that used in PT-RS (phase-tracking reference signal) can be considered as potential reference signal design candidate.
Proposal 3: RAN1 to further discuss the feasibility of the PT-RS like design for supporting carrier phase measurements.
Carrier phase measurements and frequency range
As mentioned earlier, one of the challenges of carrier phase measurements is resolving the integer ambiguity (IA). How to quickly and reliably search for IA in the phase measurements within a short time duration is the key issue for carrier phase positioning. Other issues at high frequencies could be the phase noise, that might hugely impact the measurements accuracy. Phase noise can hugely impact the integer ambiguity determination and thus the received phase estimation. For these reasons, it is suggested that the carrier phase positioning study initially focuses on below 6 GHz (FR1).

Observation 4: At high frequencies (FR2), integer ambiguity determination will be hugely impacted by the phase noise, which leads to an inaccurate received phase estimation and reduced positioning/ranging accuracies. 

Proposal 3: Support prioritization of carrier phase positioning study in FR1 over FR2. 

Receiver Design for Carrier phase measurements
A few receiver design considerations need to considered for UEs to support carrier phase measurements. 
The phase lock loop PLL, plays an important role in locking the received signals used for carrier phase measurement. In other words, a phase lock loop locks a numerically controlled oscillator (NCO) to a non-continuous reference signal. The phase of the carrier phase reference signal is ascertained by detecting the zero crossings of the signal. The zero crossing is provided to a phase detector which compares the phase of the NCO with that of the reference signal. The phase detector generates a phase error which is provided to a loop filter. The loop filter filters the phase error and provides a control signal to the NCO. The phase detector is enabled for the duration corresponding to the time when the reference signal contains valid phase information. A mechanism detects bad reference cycles and removes the phase error corresponding to these bad reference cycles from consideration. Another mechanism detects phase locked by the phase lock loop by measuring the width of the reference cycles within the duration when the reference signal is valid. This is a sensitive process and any imperfections in the PLL design may result in calibration errors.
Observation 5: PLL calibration issues may affect the carrier-phase measurements depending on a UE’s hardware capability.
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), uncompensated timing and phase errors from the transmitter (gNB/TRPs) and receiver (UE) may arise. In order to overcome such errors, UEs with a known location can be used to eliminate such hardware impairments via the double differential technique.  This aspect was extensively discussed in Rel-17 under the concept of so-called positioning reference units (PRUs) with no consensus. In the context of supporting enhanced accuracy for carrier phase measurements PRUs, may be beneficial and supported.
Proposal 4: Support the use of Positioning Reference Units (PRUs) to mitigate clock errors for carrier phase measurements. 
Positioning Modes
In the context of 3GPP positioning, both UE-assisted and UE-based positioning modes can also be supported for carrier phase measurements. The carrier phase measurements can be forwarded to the LMF when the gNB performs UL-based carrier phase measurements while the DL-based carrier phase measurements may be performed at the UE-side. The UE may report the carrier phase measurements to LMF, while in the case of UE-based positioning, the UE may leverage the carrier phase measurements to compute the UE’s position locally in the device. 
 Proposal 5: Support UE-assisted and UE-based positioning modes for carrier phase positioning.
Conclusion
The following observations have been noted with respect to the discussion:
Observation 1: GNSS Carrier phase measurements are prone to impairments such as integer ambiguity (cyclic slip) and NLOS/multipath effects.
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 measure the carrier cycles.
Observation 4: At high frequencies, integer ambiguity determination will be hugely impacted by the phase noise, which leads to an inaccurate received phase estimation and reduced positioning/ranging accuracies.
Observation 5: PLL calibration issues may affect the carrier-phase measurements depending on a UE’s hardware capability.
The proposals are summarized as follows:
Proposal 1: RAN1 to study and define the performance requirements carrier phase positioning in terms of horizontal and vertical accuracy requirements.
Proposal 2: RAN1 to consider indoor scenarios, e.g., indoor office or indoor factories as a starting point for evaluating the performance of carrier phase positioning.

Proposal 3: RAN1 to further discuss the feasibility of the PT-RS like design for supporting carrier phase measurements.

Proposal 4: Support the use of Positioning Reference Units (PRUs) to mitigate clock errors for carrier phase measurements.

Proposal 5: Support UE-assisted and UE-based positioning modes for carrier phase positioning.
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