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Introduction
Based on the findings of the Rel-18 study item to expand and improve NR positioning [1], as documented in TR 38.859 [2], a new work item [3] has been approved in RAN1#98e to specify carrier phase positioning measurements and associated signaling. The scope of the work item is:

· Specify physical layer measurements and signalling to support NR DL and UL carrier phase positioning for UE-based, UE-assisted, and NG-RAN node assisted positioning [RAN1, RAN2, RAN3, RAN4].
· Existing DL PRS and UL SRS for positioning are used for NR carrier phase measurements.
· Specify measurements that are limited to a single carrier/PFL. 
· Specify corresponding new core requirements, as well as identifying and specifying the impact on the existing RAN4 specification, including RRM measurements without measurement gaps in connected and inactive mode (including PRS measurement period/reporting) and procedures [RAN4].

In this document, we present Samsung’s views on the carrier-phase measurements.

Discussion
Carrier phase (CP) positioning relies on measuring a carrier phase at the RF frequency of a signal transmitted from one device (e.g., device A which can be a base station or a UE) and received by another device (e.g., device B which can be a UE or a base station). When device A is a base station and device B is a UE, this is DL carrier phase measurement. When device A is a UE and device B is a base station, this is UL carrier phase measurement. The carrier phase measured at device B is a function of the propagation time, and consequently the propagation distance, from transmitter of device A to the receiver of device B.
The propagation time  from the transmitter of device A to the receiver of device B can be expressed as a sum of an integer number of cycles at the carrier frequency, , where  is the carrier frequency period, and a fraction part of a cycle , where . Therefore,
  	                                                                                 (1)
The measured carrier phase, (phase difference between device A and device B) is given by . The accuracy of the carrier phase measurement can be in the range of 0.01 to 0.05 cycles [2]. For a carrier frequency of 3 GHz, the wavelength is 10 cm, this corresponds to 1 mm to 5 mm accuracy, which is well within cm-level accuracy. To use the carrier phase measurement () for positioning using equation (1), there are a few aspects to consider:
1. The signal transmitted from device A to device B is a single carrier frequency with period  (frequency ). However, positioning signals (DL PRS or positioning SRS in UL) are transmitted on more than one sub-carrier that modulates an RF carrier. Leveraging multi-carrier transmission of the DL or UL positioning reference signals is further discussed in section 2.2.
2. There are typical synchronization mismatches between the devices involved in the carrier-phase measurement. There are two types for synchronization mismatches. The first is due to clock bias and drift. The second is due to random initial phase at device A and device B. Without mitigating the clock bias and the random initial phase between device A and device B, the phase measurement can’t be used for positioning. This is further discussed in section 2.3.
3. The carrier phase method measures fractional propagation delay  (). The integer number of cycles , cannot be measured with a carrier phase single carrier frequency. This gives rise to the well-known, integer ambiguity problem. This is further discussed in section 2.4.
4. Equation (1) measures the propagation delay between device A and device B. The propagation delay depends on the path travelled from device A to device B. Having a line-of-sight path gives one propagation delay, but having a non-line-of-sight path gives a different propagation delay. Therefore, to use the propagation delay to find a distance between device A and device B we need to determine the line of sight condition. This is further discussed section.

Downlink and Uplink Carrier-phase Measurement
In RAN1#111, the following agreement was made:

Agreement
Capture the following TP into TR 38.859 as a conclusion.

Regarding the physical layer measurements for NR carrier phase positioning:
· New measurements are recommended to be introduced for supporting UE-based and UE-assisted NR carrier phase positioning, if NR CPP is introduced. The new measurements include, at least, the following:
· For DL carrier phase positioning, the following candidate measurements are identified (potential down-selection may be considered during normative work).
· the difference between the carrier phase measured from the DL PRS signal(s) of the target TRP and the carrier phase measured from the DL PRS signal(s) of the reference TRP;
· the carrier phase measured from the DL PRS signal(s) of a TRP.
· For UL carrier phase positioning, the carrier phases measured from the UL SRS for positioning purpose is identified as the UL carrier phase measurements.
· Note: this proposal does not imply which carrier phase measurements are mapped to which positioning technique

The carrier phase measurement at the UE can be based on:
· The carrier phase measurement of a DL PRS from a TRP measured at the UE’s antenna inter phase
· The carrier phase difference measurement between the DL PRS of a reference TRP (e.g., TRP1) and a target TRP (e.g., TRP2)  
When providing carrier phase difference measurement, and if the carrier phase is measured at different times between DL PRS of TRP1 and DL PRS of TRP2, the UE should maintain phase coherency between the two carrier phase measurements.

The carrier phase measurement at the UE can be based on the carrier phase measurement of a UL positioning SRS from a UE measured at the TRP’s antenna inter phase

Proposal 1: For carrier phase positioning measurement, a UE can be configured to provide the carrier phase of a DL PRS received from a TRP at its antenna interface.


Proposal 2: For carrier phase positioning measurement, a UE can be configured to provide the carrier phase difference between the DL PRS received from TRP1 (a reference TRP) and TRP2 (a target TRP) at its antenna interface.
· UE to maintain phase continuity between carrier-phase measurement of TRP1 and TRP2.

Proposal 3: For carrier phase positioning measurement, a gNB can be configured to provide the carrier phase of a UL positioning SRS received from a UE at its antenna interface.

[bookmark: _Ref127263398]Carrier-phase Measurement Using Multiple Sub-carriers
The Rel-16 DL PRS and SL positioning SRS include multiple sub-carriers. The multiple sub-carriers can be leveraged to enhance the performance of the carrier phase measurement.
First, consider using two sub-carriers for the carrier phase measurement. The first sub-carrier, at frequency , has a measured carrier phase with integer ambiguity , and propagation delay , given by: 

For second sub-carrier, at frequency , has a measured carrier phase with integer ambiguity , and propagation delay , given by: 

Subtracting  from  we get

This creates a virtual carrier frequency with frequency , and virtual phase .  If  and  are close in value,  and . Hence, the tolerance (error) of the legacy-based positioning methods can allow the traditional positioning method to estimate the number of cycles for the virtual carrier.

Second, the phase measurement across the multiple sub-carriers can be exploited to eliminate the integer ambiguity. The carrier phase measurement can be given by:


Where,  is a clock mismatch between the devices involved in the carrier phase measurement, and  is an initial phase offset between the devices involved in the carrier phase measurement. Taking the derivative with respect to the carrier frequency eliminates the integer ambiguity. The clock mismatch remains, but this can be eliminated by one of the methods described in section 2.3.

The last equation eliminates the integer ambiguity factor. To measure , the phase for each subcarrier can be calculated and then the slope of the best line that fits the data can be estimated. Alternatively, the average phase difference between each two consecutive sub-carriers can be measured and reported. The phase is unwrapped to avoid any  discontinuities. Figure 1 illustrates an example of getting the carrier phase slope by measuring the sub-carrier phase for each sub-carrier of the DL positioning reference signal or the UL positioning sounding reference signal.


[bookmark: _Ref127268765]Figure 1: Carrier phase slope.


Proposal 4: For carrier phase positioning measurement, a UE or gNB can be configured to provide a measurement based on the carrier phase of multiple sub-carriers of DL PRS or UL positioning SRS.

[bookmark: _Ref127263410]Impact of synchronization mismatch on Carrier-phase Measurement
There are two types of synchronization mismatch that can occur between devices involved in the carrier-phase measurement (i.e., the device transmitting the PRS used for the carrier-phase measurement (Device-A) and the device performing the carrier phase measurement (Device-B)).
1. Clock bias. There is a clock bias between the timeline of Device-A and Device-B. This clock bias can be represented by .
2. Initial phase difference. The initial phase difference between Device-A and Device be is a random variable,  over the range .

The measured phase difference with these synchronization mismatches becomes . Without mitigating the synchronization mismatches, the measured carrier phase can’t be used for positioning.
Observation 1: Without mitigating the synchronization mismacthes between the devices involved in the carrier-phase measurement, the carrier-phase measurement can’t be used for positioning.
As described in [5], one method to mitigate the synchronization mismatches is to use the round-trip carrier phase, by measuring the carrier phase of a signal transmitted from Device-A (e.g., gNB) at Device-B (e.g., UE), and measuring the carrier phase of a signal transmitted from Device-B (e.g., UE) at Device-A (e.g., gNB) and adding the two measured carrier phase together. By doing so, the clock biases and phase mismatches cancel out.
Observation 2: Round-trip carrier phase can be used to mitigate the effect of initial phase offset difference, if phase coherency can be maintained between the RF transmit chain and RF receive chain of the UE and the gNB used for DL and UL carrier-phase measurement.
As described in [5], another method to mitigate the synchronization mismatches is to use a positioning reference unit (PRU), which is a device with a known location can that can be used to estimate the clock biases and phase mismatches between TRPs. The PRU should be determined as device with a known accurate location and close to the target device whose position is being determined. It would be desirable to achieve the PRU’s functionality, which is eliminating clock biases, without having to introduce a new node type. In legacy positioning, the use of PRU is transparent. However, since it is critical to have PRU for properly using the carrier-phase measurement for positioning, it’s essentially beneficial for RAN1 to study how to provide PRU or PRU-like functionality under existing system, e.g., how to determine a PRU and apply the PRU during the positioning procedure. 
Observation 3: A PRU can be considered for elimination of gNB and UE initial phase offset difference. Wherein, a PRU device can be determined as a device with a known accurate location.
Proposal 5: RAN1 considers how to provide PRU or PRU-like functionality under existing system, e.g., how to determine a PRU and apply the PRU during the positioning procedure.
[bookmark: _Ref127263418]Integer Ambiguity of Carrier-phase Measurement
As described in [5], one method to mitigate the integer ambiguity is to use determine the number of integer cycles in equation (1) by the use of legacy position methods with a coarse positioning estimate that is within the carrier’s period.
Observation 4: If the coarse positioning estimate of the legacy-based positioning methods is accurate enough, the carrier phase measurement can be used to further improve the positioning accuracy.
As described in [5], another method to mitigate the integer ambiguity is to determine the phase of virtual carrier that is the difference between two sub-carriers of a carrier. The virtual carrier has a much lower frequency than the frequency of the carrier, hence a coarse positioning estimate of a legacy position method can be within the period of the virtual carrier. 
Observation 5: The phase difference between two sub-carriers of DL/UL PRS provides a carrier-phase of a virtual carrier with a lower virtual frequency where the integer number of cycles can be more accurately determined.
As described in [5], another method to mitigate the integer ambiguity is to get the slope of the carrier with respect to frequency by measuring the carrier phase across multiple sub-carriers. The slope of the carrier-phase remove the integer ambiguity term from the equation.
Observation 6: The carrier phase measurement of DL/UL PRS sub-carriers (e.g., by calculating the slope of the carrier phase measurement relative to frequency) can eliminate the integer ambiguity.

Multi-path Mitigation
Multi-path reflections and NLOS conditions are a challenge to positioning methods and measurement. This is especially true for carrier phase method where a small change in the propagation path (e.g., 5 cm for 3 GHz carrier) causes a phase shift of  radians. Cellular networks, especially indoor cases have a rich multi-path environment which would degrade the positioning accuracy.
Since the carrier phase based methods/measurements are sensitive to the NLOS condition or multiple path environment, the criteria under which the carrier phase method can be used should be carefully considered. One possible 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. In Rel-17 positioning enhancement, the NLOS indicator is introduced for UE to help gNB identify current channel condition is LOS or NLOS. Both hard value (0 or 1) and soft value [0:0.1:1] is introduced. So we could further decide whether or not to use the CP method based on such indicator. Alternatively, the indicator for multipath could also be considered. 
Another possible criteria is if the first detected path is also the strongest path, and/or much higher than the second (strongest) path, the estimated phase value could still represent the propagation delay properly. The UE can be configured a threshold or a parameter to help determine if the phase can be reliability detected from the first multi-path component (e.g., LOS component). This metric can be based on an energy ratio, between the first multi-path and the remain multi-paths or between the first multi-path and second multi-path. Alternatively, the UE may provide a metric corresponding to the accuracy or reliability of the multi-path measurement, for example this metric can depend on the relative energy of the first multi-path.

Proposal 6: For carrier phase positioning measurement, a UE or gNB provides a measurement based on the first (LOS) received multi-path.

Proposal 7: For carrier phase positioning measurement, a UE or gNB provides a quality (or accuracy) indicator of the carrier-phase measurement based on the relative strength of the LOS multi-path component.


Reference signal for Carrier-phase Measurement
According to the WID, the “Existing DL PRS and UL SRS for positioning are used for NR carrier phase measurements”. Two minor enhancements can be considered for the DL PRS and the UL SRS for positioning, which don’t depart from the spirit of WID of reusing the existing DL PRS and UL SRS for positioning, yet enhance the performance accuracy. These two enhancements are:
· Using the same frequency offset (k') across OFDM symbols of a slot of DL PRS or UL positioning SRS.
· using DL PRS or UL positioning SRS with no comb
The overall design of the DL PRS and UL SRS for positioning remains the same as that of Rel-16, hence reusing the existing reference signal, but with the two aforementioned enhancements. The improvement in carrier phase accuracy with these enhancements has been demonstrated during the study item and is shown in Figure 1, where,
· Comb-1 corresponds Continuous sub-carrier allocation in frequency domain,
· Comb=4A: corresponds to a comb-4 sub-carrier allocation with no inter-symbol hopping, and
· Comb=4B:  corresponds to a comb-4 sub-carrier allocation with inter-symbol hopping (Rel-16 design)

[image: ]
[bookmark: _Ref127267786]Figure 1: Impact of minor enhancements to DL PRS and UL SRS for positioning on carrier-phase performance.


Observation 7: For carrier phase positioning measurement, using the same frequency offset () across OFDM symbols of a slot of DL PRS or UL positioning SRS improves the accuracy of the carrier phase measurement.

Observation 8: For carrier phase positioning measurement, using DL PRS or UL positioning SRS with no or small comb improves the accuracy of the carrier phase measurement.

Carrier-Phase Measurement Report Content
The measurement report for the carrier phase measurement can include the following parameters:
1. The carrier phase measurement in radians (or degrees)
a. This can be UL carrier phase measurement of positioning SRS from a UE or DL carrier phase measurement of PRS from a TRP or DL carrier phase difference measurement between two TRPs (a reference TRP and a target TRP)
b. Carrier phase measurement can be a single measurement (e.g., at the carrier frequency of the carrier). Alternatively, the carrier phase measurement can be at two or more sub-carriers.
c. Measurement can be provided derived from the carrier phase. For example, this can the average of the carrier phase difference between two consecutive sub-carries.
2. Reference signal ID of the reference signal used for the carrier phase measurement. If the carrier phase measurement is the difference between the carrier phase of two TRPs, a reference signal ID can be provided for each TRP
3. A time stamp(s) can provided for the time (e.g., slot) at which the carrier phase measurement(s) was performed.
4. Quality indicator for the carrier phase measurement, e.g., based on the quality of the first (LOS) component.
5. A phase continuity indicator, this can indicate if the device performing phase measurements has maintained phase continuity since the last reported measurement. This can be useful for the LMF when combining multiple phase measurements.

Proposal 8: For carrier phase positioning measurement, consider including the following fields in the measurement report:
· Carrier phase measurement
· Reference signal ID
· Time stamp
· Quality indicator
· e.g., based on LOS/NLOS indicator (soft/hard)
· Phase continuity indicator since last measurement

Conclusions
The following observations and proposals have been made regarding the carrier phase measurement
Proposal 1: For carrier phase positioning measurement, a UE can be configured to provide the carrier phase of a DL PRS received from a TRP at its antenna interface.
Proposal 2: For carrier phase positioning measurement, a UE can be configured to provide the carrier phase difference between the DL PRS received from TRP1 (a reference TRP) and TRP2 (a target TRP) at its antenna interface.
· UE to maintain phase continuity between carrier-phase measurement of TRP1 and TRP2.

Proposal 3: For carrier phase positioning measurement, a gNB can be configured to provide the carrier phase of a UL positioning SRS received from a UE at its antenna interface.
Proposal 4: For carrier phase positioning measurement, a UE or gNB can be configured to provide a measurement based on the carrier phase of multiple sub-carriers of DL PRS or UL positioning SRS.
Observation 1: Without mitigating the synchronization mismacthes between the devices involved in the carrier-phase measurement, the carrier-phase measurement can’t be used for positioning.
Observation 2: Round-trip carrier phase can be used to mitigate the effect of initial phase offset difference, if phase coherency can be maintained between the RF transmit chain and RF receive chain of the UE and the gNB used for DL and UL carrier-phase measurement.
Observation 3: A PRU can be considered for elimination of gNB and UE initial phase offset difference. Wherein, a PRU device can be determined as a device with a known accurate location.
Proposal 5: RAN1 considers how to provide PRU or PRU-like functionality under existing system, e.g., how to determine a PRU and apply the PRU during the positioning procedure.
Observation 4: If the coarse positioning estimate of the legacy-based positioning methods is accurate enough, the carrier phase measurement can be used to further improve the positioning accuracy.
Observation 5: The phase difference between two sub-carriers of DL/UL PRS provides a carrier-phase of a virtual carrier with a lower virtual frequency where the integer number of cycles can be more accurately determined.
Observation 6: The carrier phase measurement of DL/UL PRS sub-carriers (e.g., by calculating the slope of the carrier phase measurement relative to frequency) can eliminate the integer ambiguity.
Proposal 6: For carrier phase positioning measurement, a UE or gNB provides a measurement based on the first (LOS) received multi-path.
Proposal 7: For carrier phase positioning measurement, a UE or gNB provides a quality (or accuracy) indicator of the carrier-phase measurement based on the relative strength of the LOS multi-path component.
Observation 7: For carrier phase positioning measurement, using the same frequency offset () across OFDM symbols of a slot of DL PRS or UL positioning SRS improves the accuracy of the carrier phase measurement.
Observation 8: For carrier phase positioning measurement, using DL PRS or UL positioning SRS with no or small comb improves the accuracy of the carrier phase measurement.
Proposal 8: For carrier phase positioning measurement, consider including the following fields in the measurement report:
· Carrier phase measurement
· Reference signal ID
· Time stamp
· Quality indicator
· e.g., based on LOS/NLOS indicator (soft/hard)
· Phase continuity indicator since last measurement
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