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Introduction
A new study item has been approved to expand and improve NR positioning in Rel-18 [1]. One of the objectives of the Rel-18 positioning SI is to improve accuracy, integrity and power efficiency of positioning techniques. To this end, carrier-phase method is one of the promising techniques to improve the accuracy of positioning.
· Improved accuracy, integrity, and power efficiency:
· …
· 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

In this document, we present Samsung’s views on the carrier-phase method.
Discussion
Overview of carrier-phase positioning measurements
A single ray of a radio wave propagating in space can be described as by the wave equation:
                                       
Where,
·  is time of the wave propagated.
·  is the position vector.
·  is the angular frequency, related to wave frequency  by; .
·  is the wave vector, which is related to the wave number  by .  is related to the wavelength of the wave, , by . 
·  is the amplitude of the wave, in general can be a function of time  and position.
·  is the initial phase given at  and .
·  can be consider as the initial phase (at ) at position .
By measuring phase of the wave at a time , it is possible to determine distance related information (i.e., ). In this section we explore two types of phase measurements and how they can be used to determine positioning related information.
1. Phase difference between two rays. When measuring the phase difference between two rays from the same source measured at two different antenna elements, it is possible to determine the angel of arrival of the ray relative to the line connecting the two antennas. This is further discussed in section 2.2.
2. Detected phase at the receiver. The detected phase at the receiver (phase difference between receiver and transmitter), depends on the over-the-air travel time , wherein  is the phase difference between the phase of the wave at the transmitter and the phase of the wave at the receiver,  and  are the carrier’s frequency and wavelength respectively,  is the time of arrival at the receiver relative to the transmit time (over-the-air travel time), and  is the distance between the transmitter and the receiver. This is further discussed in section 2.3.
Using the carrier phase faces several challenges, these are discussed in section 2.4.
[bookmark: _Ref101607210]Carrier-phase difference for angle calculation
When travelling far from the transmit antenna, radio waves that travel parallel to each other, as shown in Figure 1, the wave front (plane of equal phase) is a plane perpendicular to the direction of the wave. If the radio waves are incident on two elements (Rx0 and Rx1) as shown in Figure 1, the radio wave first reaches Rx0, then Rx1. To reach Rx1, the wave travels an extra distance . Hence, there is a phase lag at Rx1 compared to Rx0 of  . If the signal  at Rx0 is , the signal at Rx1 is . Therefore, by measuring the phase of the received signal at Rx0 and comparing to the phase of the received signal at Rx1 at the same time, we can get a phase difference that depends on the direction of travel 




[bookmark: _Ref100832035]Figure 1: Incidence of radio waves on a two-element antenna area.

While, the use of the carrier-phase method to estimate the angle of arrival seems plausible. There are some design considerations that need to be taken into account as discussed in section 2.4.
Proposal 1: Study and evaluate the performance of carrier-phase method for estimating the angle of arrival.
[bookmark: _Ref101622486]Carrier-phase measurements for timing refinement
Consider a transmitter transmits a signal at time . As illustrated in Figure 2, the signal travels through to the destination receiver and arrives at time , wherein  is the time of arrive of the signal at the receiver and can be estimated using Rel-16/17 positioning techniques. If the carrier has a frequency  and a periodicity . The time of arrival can be expressed as:

Wherein,  is the number of complete cycles the signal traversed when travelling from the transmitter to the receiver,   corresponds to a time of a partial cycle  and  is the time of arrival measurement error by legacy timing based methods.. When using the carrier-phase method, the number of cycles could be estimated from current timing based measurement, the carrier-phase method can more accurately estimate . Using the carrier-phase method the time of arrival has a refined accuracy of

Where, , thanks to higher accuracy of the carrier phase method. This is somehow similar to using existing methods to have a rough estimate of the position and then using carrier phase measurement for the final refinements.



[bookmark: _Ref101612488]Figure 2: Carrier phase method to refine TOA measurement

Proposal 2: Study and evaluate the performance of carrier-phase method for finer accuracy using detected phase.
[bookmark: _Ref101622503]Challenges applying carrier-phase method to RAT-based positioning
The first challenge is NLOS conditions and multi-path reflections. Cellular network especially indoor case could be easily with rich reflector thus multi-path environment could be common which would degrade the accuracy. When using the carrier phase difference for angle calculation, in NLOS conditions, there isn’t a single dominate ray, hence it is not possible to measure the angle of arrival. If there is a dominate reflection, the angle of arrival is for reflection, which might be easily usable to determine the position of the UE. When using the carrier-phase method to detect phase for positioning refinement, the presence of NLOS conditions and multi-path reflection impact the accuracy and usability of the detected phase. 
Observation 1: NLOS conditions and multi-path reflections impact the accuracy and usability of the carrier-phase method.
The second challenge is the phase ambiguity, also known as the integral ambiguity. Increments of  provide the same phase measurement, i.e., phase values   are all measured as the same phase value, wherein . This ambiguity impacts the angle measurement or the distance measurement.
Observation 2: Phase ambiguity (integer ambiguity) impacts the accuracy and usability of the carrier-phase method.
The third challenge is the motion of the UE, as the UE moves, its displacement vector  changes, this impacts the calculate phase , and hence needs to be taken into account when using the carrier phase method. In other words, when the carrier phase is measured at time , and at time  the carrier phase is different due to the motion of the UE. Furthermore, the movement of the UE can change the carrier frequency by the Doppler shift, which in turn impacts the measured phase.
Observation 3: Motion of UE impacts the carrier phase measurements made at different times.
The fourth challenge is synchronization error using the carrier phase method. Synchronization error happen when there are multiple transmits that are not fully synchronized, synchronization error can also happen when measuring the phase at a receiver and the receiver’s reference and the transmitter are not fully synchronized.
Observation 4: Synchronization error between different transmit source or between the receiver’s reference and the transmitter impacts the accuracy and usability of the carrier-phase method
Proposal 3: Study the impact and mitigation of challenges when using the carrier-phase method for RAT-based positioning, including:
· Impact of NLOS conditions and multi-path reflections.
· Impact of phase ambiguity (integer ambiguity).
· Impact of UE mobility
· Synchronization errors
In order to study and analyse the challenges of the carrier phase measurements presented in this section, we need to perform evaluations and define corresponding evaluation scenarios and assumptions. As a starting point, the evaluation scenarios and assumptions in TS38.885 and TS38.857 can be reused. However, we need to also include modelling of the carrier phase measurements for evaluation of the issues presented in this section. 
Proposal 4: Reuse evaluation scenarios and assumptions in TS38.885 and TS38.857 with proper modelling of the carrier phase measurements.

Possible Directions to resolve the challenges
As several challenges have been introduced in above, there are also a few possible directions to compensate/avoid/mitigate the above problems when utilizing the carrier phase based methods.
Applicable condition for using the Carrier phase method 
1. Since the carrier phase based methods/measurements are sensitive to the NLOS or multiple path environment, one criteria is when a NLOS condition or multiple path condition exists, such methods/measurements (i.e., based on the carrier phase method) shall not be used. Or in the other words, only when conditions are relatively good, using carrier phase to further improve/refine the accuracy is meaningful. 
2. In addition, another condition for applying carrier phase method is when the “rough” position of the target could be available and accurate enough, such that integer ambiguity could be resolved before hand. 
Phase detection based on using different frequency ranges
By using a long-wavelength frequency, the carrier-phase method could be more robust to the phase jumping and interruption while traveling. Thus the integer number of complete wavelength obtained could be more accurate. However, the accuracy of the partial wavelength estimation is worse due to the larger distance corresponding to a phase unit. By using another short-wavelength frequency, we can accomplish a finer partial wavelength estimation. Thus with a combination of both long wavelength and short wavelength, we are supposed to have a better results for the measurement.
Leveraging UE’s mobility
As a result of the UEs mobility, the position of the UE changes over time as shown in Figure 3. While this can cause a challenge when trying of find the positioning of the UE, it can also be leveraged to aid in positioning. If the positioning reference signal occurs every  seconds, and the UE is moving at a speed , the distance between two carrier phase measurements is d=. For example, a UE moving at a speed of 108 km/h (about 67.5 mph), or 30 m/s, with a subcarrier spacing of 30 kHz, i.e., the slot duration is  ms, and if the number of slots between consecutive positioning reference signal transmissions is 4 slots, the distance the UE moves between corresponding measurements is  mm, this represents  for a wave with frequency 2.5 GHz. The presence of the UE at different positions over time creates a virtual antenna array that can be leveraged for phase difference measurements and accordingly calculating the direction of travel of the radio wave.


[bookmark: _Ref102037115]Figure 3: Virtual antenna array due to UE's mobility.

Improve synchronization 
In legacy situation, UE could do DL synchronization by measuring DL reference signals e.g., PSS/SSS and do UL sych by getting gNB feedback based on timing advance commands. However, that synchronization is targeting  OFDM decoding which has a relatively high synchronization tolerance, e.g., within the CP. However, CP length level of synchronization is not acceptable to do carrier phase detection. Thus, having an improved synchronization between gNB and UE could be a way to improve the effectiveness of using the carrier phase measurement to have high positioning accuracy. One example way is to have a reference TRP and then calculating the phase difference between UE-target TRP link and UE-reference TRP link, similar to TDOA.
Proposal 5: studying the possible direction to resolve the challenges, including:
· Applicable conditions for using Carrier phase method 
· Phase detection based on different frequency ranges
· UE mobility
· Synchronization improvement

Conclusions
The following observations and proposals have been made regarding the carrier phase method
[bookmark: _GoBack]Observation 1: NLOS conditions and multi-path reflections impact the accuracy and usability of the carrier-phase method.
Observation 2: Phase ambiguity (integer ambiguity) impacts the accuracy and usability of the carrier-phase method.
Observation 3: Motion of UE impacts the carrier phase measurements made at different times.
Observation 4: Synchronization error between different transmit source or between the receiver’s reference and the transmitter impacts the accuracy and usability of the carrier-phase method

Proposal 1: Study and evaluate the performance of carrier-phase method for estimating the angle of arrival.
Proposal 2: Study and evaluate the performance of carrier-phase method for finer accuracy using detected phase.
Proposal 3: Study the impact and mitigation of challenges when using the carrier-phase method for RAT-based positioning, including:
· Impact of NLOS conditions and multi-path reflections.
· Impact of phase ambiguity (integer ambiguity).
· Impact of UE mobility
· Synchronization errors
Proposal 4: Reuse evaluation scenarios and assumptions in TS38.885 and TS38.857 with proper modelling of the carrier phase measurements.
Proposal 5: studying the possible direction to resolve the challenges, including:
· Applicable conditions for using Carrier phase method 
· Phase detection based on different frequency ranges
· UE mobility
· Synchronization improvement
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