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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
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) and received by another device (e.g., device B). 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. Device A and device B can be a gNB and a UE respectively or vice versa.
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. However, the carrier phase method has its own design consideration which are further discussed and analysed in this document.
In section 2.1, we further discuss the carrier phase method and the challenges associated with the carrier phase method when measuring the phase of the signal transmitted from device A to device B. 
In section 2.2, we discuss extending the TCI framework to DL or UL positioning reference signals. This can benefit carrier phase positioning by identifying channel or signals that use the same TCI state (beam) as DL or UL positioning reference signals and leveraging those signals for positioning for example, by calculating a delay profile for the associated TCI state (beam).
[bookmark: _Ref101622486]Carrier-phase measurements
Consider a transmitter transmits a signal at time  from device A. As illustrated in Figure 1, the signal travels to the destination receiver at device B and arrives at time , wherein  is the time of arrive of the signal at the receiver and equals the propagation delay from device A to device B as described in equation (1)
To use the carrier phase measurement () to measure the propagation delay 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 ). In practice of 3GPP networks, the signal is transmitted on more than one sub-carrier modulating an RF carrier. This is further discussed in section 2.1.1.
2. Device A and device B have the same time reference, i.e. at the same time the phase of the signal transmitted from device A and the phase of the reference signal at device B are known. In general, this is not the case, at least within the level of accuracy expected from using the carrier phase method. Not only do device A and device B have a different time references, but their clocks can also drift relative to each other. Furthermore, the offset between the initial phase of the transmitter and the initial phase of the receiver can be random. This issue is further discussed in section 2.1.2.
3. The carrier phase method measures fractional propagation delay  (). The integer number of cycles , cannot be measured with a single carrier frequency. This gives rise to the well-known, integer ambiguity problem when using the carrier phase method. This is further discussed in section 2.1.3.
4. Based on the agreement from RAN1#110, the carrier phase centre offset can be model as:
dPCO =  a * dPhi + w
where, dPhi is the difference between two directions, and dPCO is the corresponding phase center offset difference. The impact of this on the carrier phase measurement is further discussed in section 2.1.4. 
5. 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 in section 2.1.5.


[bookmark: _Ref101612488]Figure 1: Carrier phase method to refine TOA measurement
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Positioning Reference Signal
Carrier-phase method has been used in satellite-based systems for positioning (e.g., GPS)[2]. In such systems a single carrier frequency is used – For example, GPS uses a frequency  in the L-band (GPS can use a second frequency , but not for civil applications). In 3GPP for positioning, 3GPP defined two positioning reference signals one for downlink and one for uplink based on CP-OFDM.
· DL positioning reference signal (PRS). This is described in TS 38.211 clause 7.4.1.7
· Positioning sounding reference signal (Pos-SRS). This is described in TS 38.211 clause 6.4.1.4

In RAN#110b-e, it has been agreed to use these reference signals for carrier-phase positioning.
Agreement
The existing DL PRS and UL SRS for positioning can be re-used as the reference signals to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning. 
· FFS: Whether to consider enhancements of the existing DL PRS and UL SRS for better positioning performance

An open point from the agreement made in RAN1#110b-e is whether to further enhance the DL PRS and positioning SRS. We consider two enhancements for the DL/UL positioning reference signals. The first is related to the sub-carrier resource allocation of the positioning reference signals and is discussed in this section. The second is related to the quasi-co-location/spatial relation of the positioning reference signals and is discussed in section 2.2.
A common aspect of the DL/UL positioning reference signals is that they have multiple sub-carriers in the same OFDM symbol. Each sub-carrier when modulated to the RF frequency will have its own RF frequency, and hence its own phase. The phase of carrier is related to its frequency and the distance of the travel path  between device A and device B as follows

Where,  is the speed of light, hence each subcarrier can undergo a different phase shift due to propagation. This fact is further exploited in section 2.1.3 to eliminate the integer ambiguity.
Another aspect of the 3GPP positioning reference is the Comb structure and sub-carrier offset hopping from one OFDM symbol to the next, as provided by Table 7.4.1.7.3-1 of TS 38.211 for DL PRS and Table 6.4.1.4.3-2 of TS 38.211 for positioning SRS. Having a Comb structure reduces the number of sub-carriers that can be used for positioning, hence can impact the accuracy of the carrier phase method as fewer sub-carriers would be used to estimate the phase. One of the benefits of having a large comb for legacy positioning methods (other than carrier phase positioning) is to increase the signal BW without decreasing the per-subcarrier power. The accuracy of carrier phase positioning doesn’t depend on the signal BW, hence allocating positioning reference signals with no comb allows for more sub-carriers within the same allocated PRBs for positioning. Therefore, we propose to support DL and UL positioning reference signal with no comb or with a small comb for carrier phase positioning.
Proposal 1: Support the use of Rel-16 DL and UL positioning reference signals with no or small comb for the carrier phase positioning.
Having a different sub-carrier offset () between symbols creates gaps when measuring the phase of a sub-carrier, the same sub-carrier is not allocated to all symbols. This impacts the performance of the carrier phase method. By having the same sub-carrier allocated to multiple symbols, the sub-carrier phase can be calculated by averaging over multiple consecutive symbols to improve the accuracy of the carrier phase method.
Proposal 2: Consider the use of Rel-16 DL and UL positioning reference signals using the same frequency offset () across OFDM symbols of a slot for the carrier phase measurement.
Capture the following observation in the TR:
Observation 1: The allocation of positioning reference signals to sub-carriers with no comb or with a small comb, and without frequency hopping between adjacent symbols has been studied and it improves the accuracy of carrier phase positioning.

Synchronization Mismatch between devices used for positioning 
In equation (1), it has been assumed that device A and device B have the same time reference, i.e.,  refers to the same time point in both devices and the carrier phases are synchronized at this point. In practice this is not the case, at least within the desired accuracy when using the carrier phase method, neither is the carrier phase synchronized in both devices nor is the reference time the same in both devices. In 3GPP networks, a UE can do DL synchronization by measuring DL reference signals e.g., PSS/SSS and synchronizes its uplink transmission time by getting gNB feedback based on timing advance commands. However, this synchronization targets having the UL received signal at the gNB’s antenna interface to be within a CP to avoid inter-user interference. This level of synchronization is not acceptable to do carrier phase detection. For example, for a carrier frequency , an offset of 1 ns between the clocks of device A and device B corresponds to a 3 carrier cycles ( radians), which is well beyond the accuracy of the carrier phase measurement. Thus, having an improved synchronization between gNB and UE, or cancelling out the synchronization errors, could be a way to improve the effectiveness of using the carrier phase measurement to have high positioning accuracy.
In this section we study two ways to overcome synchronization mismatch between gNB and UE:
· First, by having a reference UE (positioning reference unit).
· Second by using round-trip carrier phase measurement.
PRU based method


[bookmark: _Ref110261141]Figure 2: Impact of clock biases on carrier phase method.
Figure 2 illustrates the impact of clock biases on the carrier phase measurements. Device A is a gNB transmitting to device B which is a UE. The gNB has a bias in its clock relative to a common reference time of  The UE has a bias in its clock relative to the common reference time of . The phase of the reference signal at the UE’s reference time () is . The gNB transmits DL PRS n1, the DL PRS is transmitted after time  from the gNB’s reference time. We assume that the phase of the DL PRS after the CP is . The UE receives symbol n1 (DL PRS symbol) after a propagation delay of . As illustrated in Figure 2,  symbol n1 (DL PRS symbol) is received after time  from the UE’s reference time. The UE can measure the phase difference between the UE’s reference signal and the received signal. This phase difference is:

To eliminate the clock biases, we can use the single difference method and the double difference method. For the single difference method, a second gNB transmits a DL PRS at time . The second gNB can have a different clock bias  and a phase for the DL PRS at  of . Therefore, the measured phase of the second gNB is:

Subtracting  from  and assuming , we get the single difference carrier phase measurement, which eliminates the UE’s clock bias, but we still have the gNB clock biases ( and ):

In the last equation,  and  are known,  is the time difference of arrival, which is the target of the measurement.  is the difference in clock biases between gNB1 and gNB2, this is unknown.

Consider now a second reference UE, also known as positioning reference unit (PRU), with a known location. The single difference carrier phase measurement for that UE using the same two gNBs (gNB1 and gNB2) is:

Where,  is the propagation delay between the reference UE (PRU) and gNB1.  is the propagation delay between the reference UE (PRU) and gNB2. Subtracting  from , we get the double difference carrier phase measurement, which eliminates the gNBs’ clock biases:

In the last equation  and  for the reference UE (PRU), measured for gNB1 and gNB2, are known (the position of the reference UE (PRU) is known, hence the only unknown in the equation is , the difference in time of arrival between signals transmitted from gNB1 and gNB2 at the UE, which can be determined within an integer ambiguity, the handling of the integer ambiguity is further discussed in section 2.1.3. While, using a PRU can be considered for eliminating the clock biases of the UE and the gNBs, it may introduce additional complexity in the network topology if the PRU is regarded as a new type of node. It would be desirable to achieve the PRU’s function, 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 CPP, 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. In RAN1#110b-e, it has been agreed to capture in the TR that the use of positioning reference units (PRUs) has been studied, and that under certain conditions initial phase errors can be mitigated.
Observation 2: PRU can be considered for elimination of gNB and UE clock biases, but at the expense of additional network topology complexity.
Proposal 3: RAN1 to continue studying 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.

Round-trip carrier phase measurement based method
Now let’s consider the round trip carrier phase measurement, the round trip carrier phase measurement is the sum of the DL carrier phase measurement at the UE and the UL carrier phase measurement at the gNB. Using the round trip carrier phase method, the UE measures the carrier phase of the DL PRS, and the gNB measures the carrier phase of the positioning SRS. Adding the two carrier phase measurements together eliminates the clock biases of the gNB and the UE as these cancel out.
In Figure 3, device A is a gNB transmitting to device B which is a UE. The gNB has a bias in its clock relative to a common reference time of  The UE has a bias in its clock relative to the common reference time of . The phase of the reference signal at the gNB’s reference time () is .  The phase of the reference signal at the UE’s reference time () is . The gNB transmits DL PRS n1, the DL PRS is transmitted after time  from the gNB’s reference time. We assume that the phase of the DL PRS after the CP is . The UE receives symbol n1 (DL PRS symbol) after a propagation delay of . As illustrated in Figure 3,  symbol n1 (DL PRS symbol) is received after time  from the UE’s reference time. The UE can measure the phase difference between the UE’s reference signal and the received signal. This phase difference is:

The UE transmits positioning SRS n2, the pos-SRS is transmitted after time  from the UE’s reference time. We assume that the phase of the pos-SRS after the CP is . The gNB receives symbol n2 (pos-SRS symbol) after a propagation delay of . As illustrated in Figure 3,  symbol n2 (pos-SRS symbol) is received after time  from the gNB’s reference time. The gNB can measure the phase difference between the gNB’s reference signal and the received signal. This phase difference is:

Adding the two carrier phase measurements, we get the round-trip carrier phase which is given by:

In the last equation the clock biases have been eliminated. The carrier phases at the reference time  and  can be set to 0. Similarly, the carrier phases at the transmission of the OFDM symbols,  and  can be set to 0.  and  are known. Hence, the propagation delay  can be determined within an integer ambiguity, the handling of the integer ambiguity is further discussed in section 2.1.3



[bookmark: _Ref110341278]Figure 3: Clock biases using round-trip carrier phase method.

A simplified block diagram of a transceiver is shown in Figure 4. A single oscillator can be used for the transmitter and the receiver. This makes the initial phase of the transmitter and receiver within the same device the same or have a fixed offset, where the fixed offset accounts for any phase shift introduced by the amplifiers, filters and antenna arrays. This fixed offset can be determined by calibration of the device. In the above equations, this fixed offset can be reflected as an additional fixed offset in  for the base station and an additional fixed offset in  for the UE.


[bookmark: _Ref115208279]Figure 4: Simplified block diagram of transceiver.
Proposal 4: Support the use of round-trip carrier phase measurement to eliminate UE and gNB clock biases. The round trip carrier phase measurement is the sum of the DL carrier phase measurement at the UE and the UL carrier phase measurement at the gNB.
Capture the following observations in the TR:
Observation 3: The effectiveness of using round trip carrier phase positioning to eliminate the impact of the initial phases of the transmitter and the receiver on NR carrier phase positioning are evaluated in the study item.
· Source [Samsung, NN] shows a positioning accuracy of <0.5cm 96% of the time @ 5m, a positioning accuracy of <0.5cm 85% of the time @ 20m, and a positioning accuracy of <0.5cm 72% of the time @ 50m for InF-SH can be reached with round trip carrier phase positioning.

Observation 4: The use of round trip carrier phase positioning to eliminate the impact of initial phase and reference timing mismatches of the transmitter and receiver has been studied and it improves the accuracy of carrier phase positioning.

Integer Ambiguity
A well know problem with the carrier phase measurement is integer ambiguity. The carrier phase method measures the carrier phase modulo , where the carrier phase is in the range of  or . Increments of  provide the same phase measurement, i.e., phase values   are all measured as the same phase value, wherein . In this section we study three ways to resolve the integer ambiguity:
· Coarse measurement using other positioning methods to estimate 
· Using multiple carriers to increase the period (periodic time) of a virtual carrier frequency used to measure the carrier phase.
· Using the slope of the carrier phase measurement relative to frequency with multiple sub-carrier measurements.
Carrier phase measurement combining with existing methods
The UE’s position can be estimated using Rel-16/17 positioning techniques, which can provide a coarse accuracy of the UE’s position (e.g., an accuracy in the range of 1 to 3 meters). If the carrier has a frequency  and a periodicity . The propagation time from device A to device B as measured using legacy positioning methods can be expressed as:

Wherein,  is the number of complete cycles the signal traversed when travelling from the transmitter to the receiver,  can’t be measured directly by the carrier phase measurement due to the integer ambiguity.   corresponds to a time of a partial cycle  and  is the time of positioning measurement error by legacy-based positioning methods, if accuracy of the positioning measurement is 1 to 3 meters, . When using the carrier-phase method, the number of cycles could be estimated from the legacy-based positioning 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 measurement – as mentioned earlier, the carrier phase measurement can have an accuracy of 0.01 to 0.05 carrier cycles. For this method to work well even in a single measurement basis,  should be less than , this would imply a carrier frequency of 50 MHz or less. This is well below the carrier frequencies used in cellular systems. Generally speaking, if the coarse estimate of  is accurate enough to resolve the integer ambiguity the carrier phase method can be further used to improve the accuracy of .
Observation 5: 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.
Proposal 5: Study using legacy-based positioning measurements to estimate the number of integer cycles between the gNB and the UE.

Multiple carrier frequencies
Now consider using two carriers for the carrier phase measurement. For the first carrier at frequency , the measured carrier phase is with integer ambiguity , and propagation delay  is 

For the  second carrier at frequency , the measured carrier phase is with integer ambiguity , and propagation delay  is 

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 be less than half the period of the virtual carrier allowing the traditional positioning method to estimate the number of cycles for the virtual carrier.
Proposal 6: Support using multiple carriers to determine a phase of a virtual carrier with a lower virtual frequency.
Alternatively, the multiple carriers used are in different frequency bands or 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 get a better carrier phase measurement result.
Observation 6: Using a combination of both long wavelength and short wavelength, we get a better carrier phase measurement result.

Slope of the carrier phase measurement relative to frequency
The positioning reference signals, defined in Rel-16, e.g., DL PRS (clause 7.4.1.7 of TS 38.211) and pos-SRS (clause 6.4.1.4 of TS 38.211) have multiple sub-carrier. The phase measurement across the multiple sub-carriers can be exploited to eliminate the integer ambiguity. The DL carrier phase measurement at the UE can be given by:


Taking the derivative with respect to the carrier frequency eliminates the integer ambiguity.

 is the time between the reference time and the DL PRS symbol.  is the propagation delay to be estimated.  and  are the clock biases of the gNB and UE respectively. These are unknown and can be eliminated using one of the methods described in section 2.1.2.
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. It should be noted that the phase should be unwrapped to avoid any  discontinuities. Figure 5 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 positioning sounding reference signal.
The slope of the carrier phase relative to the carrier frequency is related to the propagation delay from the transmitter to the received as indicate by the equation above. The accuracy of such measurement can be in the sub-Nano-second range. This is beyond what can be supported in Rel-17. In Rel-17, the reporting granularity of RSTD and RTOA (clauses 10.1.23.3.1 and 13.1.1 of TS 38.133) is , where k is the timingReportingGranularity factor k = 0 to 5 and  ns. In FR1, for UE reporting, , hence the finest granularity is 2.04 ns, which is well less than what can be achieved by the carrier phase method. Furthermore, there is no reporting quantity for DL PRS that is based on propagation delay of one TRP (rather the difference in time between two TRPs), we think that having such a measurement reported from the UE or the gNB with sufficient accuracy is needed in Rel-17. The following enhancements can be considered in Rel-17 when reporting a measurement based on the slope of the carrier phase:
· Improved reporting granularity compared to Rel-16 reporting of RTOA and RSTD.
· Reporting based on the carrier phase of a single TRP in the DL or a single UE in the UL


[bookmark: _Ref110279254]Figure 5: Carrier phase slope.

Proposal 7: Support using carrier phase measurement of DL/UL PRS sub-carriers (e.g., by calculating the slope of the carrier phase measurement relative to frequency) to eliminate the integer ambiguity.
Capture the following observations in the TR:
Observation 7: The effectiveness of using carrier phase measurement of DL/UL PRS sub-carriers to eliminate the impact of integer ambiguity on NR carrier phase positioning has been evaluated in the study item.
· Source [Samsung, NN] shows a positioning accuracy of <0.5cm 96% of the time @ 5m, a positioning accuracy of <0.5cm 85% of the time @ 20m, and a positioning accuracy of <0.5cm 72% of the time @ 50m for InF-SH can be reached when using the slope of the carrier phase at each receiver and combining together with round trip carrier phase. 
Observation 8: The use of carrier phase measurement of DL/UL PRS sub-carriers to eliminate the impact of integer ambiguity has been studied and it improves the accuracy of carrier phase positioning.

Phase Centre Offset
Based on the agreement from RAN1#110, the carrier phase centre offset can be model as:
dPCO =  a * dPhi + w
where, dPhi is the difference between two directions, and dPCO is the corresponding phase center offset difference. “a” is a scale factor that can be 0, 1 or 3. “w” is random variable, that is 0 in the idea case.
The phase center offset in general is not a linear function as illustrated in Figure 6. Therefore, the model provided by the last equation is an approximate model when dPhi is small enough and the value of “a” is not constant, but depends on the direction. 



[bookmark: _Ref115192081]Figure 6: Example of phase centre offset.
To illustrate the impact and mitigation of the phase centre offset, let’s revisit the double difference method described in second 2.1.2.1, as explained the phase difference measured by the UE for gNB1 is given by:

This equation assumed no phase centre offset. Now, we add the phase centre offset, for array arriving at angle  close to a reference direction , the phase centre offset is model as . Hence, the phase difference of gNB1 measured at the UE becomes:

Similarly, for a base station gNB2 with a ray arriving at angle  that is close to the reference direction , the measured phase difference of gNB2 at the UE taking into account the phase centre offset is given by:

To calculate the single difference carrier phase between gNB1 and gNB2, we get:
 
The impact of centre phase offset on the single difference carrier phase is evident in the term: 
Now we want to eliminate the effect of the centre phase offset. Consider a third base station gNB3 with a ray arriving at angle  that is close to the reference direction , the measured phase difference of gNB3 at the UE taking into account the phase centre offset is given by:

Now let’s calculate the single difference carrier phase between gNB3 and gNB2, we get:

This equation too has the effect of the centre phase offset evident in the term: 
To eliminate, the effect of the centre phase offset, we calculate a second single difference carrier phase as follows:

Therefore, 

The effect of the phase centre offset has been eliminated from the last equation. The condition for this is that rays from gNB1, gNB2 and gNB3 are sufficiently close in the spatial domain, to allow the phase centre offset to be modelled linearly. The UE can select gNBs that satisfy this criterion.
A second single difference carrier phase can be calculated for a PRU (using the angles of the UE). A second double difference carrier phase is calculated between the UE and the PRU, that eliminates the clock biases of the gNBs that are used to calculate the position of the UE using the carrier phase measurement to get a more accurate measurement.
The carrier phase method can also be used to calculate the angle of rays coming from each gNB as described in section 2.2.
Proposal 8: Study methods to mitigate the effect of the phase centre offset, e.g., measuring carrier phase of 3 gNBs with rays that are sufficiently close in the spatial domain at the UE.
[bookmark: _Ref118374347]NLOS/multi-path condition 
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. 
Observation 9: NLOS conditions and multi-path reflections impact the accuracy and usability of the carrier-phase method.
Since the carrier phase based methods/measurements are sensitive to the NLOS or multiple path environment, the criteria under which the carrier phase method can be used should be carefully studied. 
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 that, even under multipath environment, there is still some possibility to use CP methods. It is well known that, the estimated phase value (e.g., via the subcarrier after IFFT) is highly dependent on the strongest path (in RSRP perspective). Thus, 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. As shown in the simulation results, when applying multi path mitigation, the phase estimation results could be improved in some cases, thus the accuracy of determining the first path is quite important to get good performance. However, since the existence or non-existence of LOS path is quite important to the performance of CPP, so even if the UE has decided that there is a first path, a second path, etc, it may not be able to decide whether it’s suitable to use CPP or not since UE has no idea which path is the LOS path or even if there is it detected the LOS path. In this case, the phase estimation of frequency domain may be used. Then the possible criteria is that, if the detected first path and second path are not divergent enough, e.g., there is no clearly strongest first path, when the gap between amplitude/RSRPP of first path and that of the second path is not larger than a certain level, the CPP is not suitable to use. The simulation results shown in section 3 have illustrated that by eliminating improper links which have no clear strongest first path, the performance of CPP could be improved.  
Proposal 9: Study the condition for applying CPP method based on the NLOS and multi-path including first path detection.
Proposal 10: To identify and separate the first path and other paths, study the utilization of amplitude/RSRPP gap threshold between first path and other paths to decide whether CPP could be applied or not.
[bookmark: _Ref101625071]Extension of Unified TCI framework to reference signals used for positioning
NR uses quasi-co-location information and spatial relation information to associate channels and signals to beams. Different beams can have different quasi-co-location information, where quasi-co-location can be with respect to Doppler shift, Doppler spread, average delay, delay spread and spatial RX parameters. Different beams can have different delay profiles. As discussed in section 2.1.5, carrier phase positioning is very sensitive to the delay profile. Multi-path and NLOS components significantly degrade the accuracy of carrier phase positioning. Hence, it would be useful to calculate delay profile of a beam and isolate the first detected path to help with carrier phase positioning. The delay profile doesn’t depend on the type of channel or signal being transmitted and received as long as they are using the same TCI state (beam). Hence, the delay profile can be calculated using any channel or signal transmitted and received on the same beam as DL or UL positioning reference signal. The calculated delay profile can then be used to improve the performance of carrier phase positioning measurement using the DL or UL positioning reference signal. However, to do so, the same beam should be used for the channels and signals used to calculate the delay profile as that used for DL or UL positioning reference signals, and the same mechanism for beam indication should be used for DL or UL positioning reference signals as other channels and signals. In Rel. 17, the unified TCI framework was specified for multi-beam operation, wherein a common TCI state – separate DL or UL TCI state or joint DL and UL TCI state – can be indicated for UE-dedicated reception on PDCCH/PDSCH or dynamic-grant/configured-grant based PUSCH and all of PUCCH resources. However, the positioning sounding reference signal is explicitly excluded based on the following agreement in RAN1#108-e:

Agreement
Confirm the following working assumption as an agreement with the following refinement (highlighted in red):
The UE is not expected to be configured with Rel-15/Rel-16 TCI/SpatialRelationInfo/PUCCH-SpatialRelationInfo (except spatialRelationInfoPos) if the UE is configured with Rel-17 TCI in any CC in a band
· The CC list for Rel-16 multi-CC beam indication should not contain any CC in a band configured with Rel-17 TCI assuming different CC lists are used for Rel-16 and Rel-17 

There are also no RAN1 agreements in MIMO for the DL positioning reference signal (PRS) to follow the Rel-17 TCI state. In Rel-17, a TCI state can be associated with an SSB having a physical cell ID (PCI) different from the PCI of the serving cell, can prove beneficial for downlink and uplink positioning reference signals that can be associated with a neighboring cell.
Using the Rel-17 TCI state for downlink and uplink positioning reference signals can simplify the overall framework of quasi-co-location and spatial relation, by having a common list of TCI stats that is used for all downlink and uplink channels and signals including downlink and uplink positioning reference signals. This would help identify the channels and signals that use the same beam as DL or UL positioning reference signals and hence would allow the calculation of the delay profile on these signals for the benefit of carrier phase positioning on the DL or UL positioning reference signals. This can also help the gNB or the UE in identifying TCI states or beams with more suitable delay profile without having to first transmit positioning reference signals on these beams. This identification can be based on the measurement RS which are already transmitted for RSRP/RSRQ/SINR measurement purposes. 
Rel-17 defines two TCI state lists, the first is for DL and Joint TCI states (TCI-State), the second is for UL TCI states (UL-TCIState).
Observation 10: Using TCI states defined by TCI-State and UL-TCIState for DL/UL positioning reference signals simplifies the quasi-co-location and spatial relation framework and allows positioning methods to utilize other channels and signals to aid in positioning calculations.
To support the TCI states providing quasi-co-location for DL PRS,
· The source RS types of the TCI-State should be extended to support all source RS types supported by DL PRS, this includes the following source RS types
· SSB of serving cell … this is already supported by the Rel-17 DLorJoint-TCIState.
· SSB of neighboring cell … this is already supported by the Rel-17 DLorJoint-TCIState thanks to the presence of the AdditionalPCIIndex.
· DL PRS … this is not support by the Rel-17 DLorJoint-TCIState and would need to be included
· The QCL types of the TCI-State should be extended to support all QCL types supported by DL PRS, this includes the following QCL types
· QCL TypeC … this is already supported by the Rel-17 DLorJoint-TCIState.
· QCL TypeD … this is already supported by the Rel-17 DLorJoint-TCIState.
Observation 11: To support TCI states providing quasi-co-location for DL PRS, the source RS of the TCI state can be extended by including DL PRS as a source RS for TCI-State. Other source RS types and QCL types needed for DL PRS are already supported.
To support the TCI states providing spatial relation for UL PRS (positioning SRS),
· The source RS types of the DLorJoint-TCIState or UL-TCIState should be extended to support all source RS types supported by positioning SRS, this includes the following source RS types
· SSB of serving cell … this is already supported by the Rel-17 DLorJoint-TCIState and UL-TCIState.
· SSB of neighboring cell … this is already supported by the Rel-17 DLorJoint-TCIState and UL-TCIState thanks to the presence of the AdditionalPCIIndex.
· NZP CSI-RS of a serving cell … this is already supported by the Rel-17 DLorJoint-TCIState and UL-TCIState.
· DL PRS … this is not support by the Rel-17 DLorJoint-TCIState or UL-TCIState and would need to be included.
· SRS of a serving cell … this is already supported by the Rel-17 UL-TCIState.
· Positioning SRS … this is not support by the Rel-17 UL-TCIState and would need to be included.
Observation 12: To support TCI states providing spatial relation for positioning SRS, the source RS of the TCI state can be extended by including DL PRS as a source RS for TCI-State or UL-TCIState, and positioning SRS as a source RS for UL-TCIState. Other source RS types needed for positioning SRS are already supported.
Proposal 11: Extend the Rel-17 TCI-State or UL-TCIState to support providing quasi-co-location and spatial relation for DL/UL positioning reference signals. 


Evaluation Methodology 
In this section we present evaluation results for the round trip carrier phase method using the carrier phase measurement slope to eliminate the integer ambiguity. The simulation is for InF-SH. Three cases are simulated:
· Continuous sub-carrier allocation (comb of 1) with 24 PRBs (Comb=1). The same sub-carrier is used in all 12 OFDM symbols allocated to the positioning reference signal (DL PRS or pos-SRS).
· Comb of 4 with 24 PRBs. No sub-carrier offset hopping between symbols (Comb=4A). The same sub-carrier is used in all 12 OFDM symbols allocated to the positioning reference signal (DL PRS or pos-SRS).
· Comb of 4 with 24 PRBs (Comb=4B). With sub-carrier offset hopping between symbols as described in 38.211
[image: ]
[bookmark: _Ref111063264]Figure 7:CDF of Distance Error

[bookmark: _Ref118576324]Table 1: 90-percentile errors for round-trip carrier phase measurement
	
	90% distance error @ 5m
	90% distance error @ 20m
	90% distance error @ 50m

	Continuous sub-carrier allocation
	0.3 cm
	0.8 cm
	1.2 cm

	Comb-4 No inter-symbol hopping
	0.6 cm
	1.4 cm
	2.5 cm

	Comb-4 No with inter-symbol hopping
	0.9 cm
	2.5 cm
	4 cm




Figure 7 and Table 1 illustrate the benefit of continuous sub-carrier allocation over a comb structure. By having a continuous comb allocation, we have more sub-carriers allowing for a more accurate calculation of the slope. Figure 7 illustrates the benefit of not having frequency offset hopping between PRS symbols to have more accumulation for the same sub-carrier. Based on these results, it would beneficial to have continuous allocation of sub-carriers for carrier phase measurement.
Observation 	13: Round-trip carrier phase derivative with respect to carrier frequency can provide centimetre level accuracy. 
In addition, the performance of phase estimation by using time domain, frequency domain, and multipath mitigation methods is evaluated, and the simulations are performed in InF-SH scenario. 
[image: ] 
Figure 11: illustration of phase estimation method 

	Phase estimation
	CDF@70%
	CDF@80%
	CDF@90%

	Frequency domain 
	0.33 radian 
	0.56 radian 
	2.3 radian

	Time domain 
	0.02 radian 
	0.06 radian 
	1.9 radian 

	Multipath mitigation 
	0.07 radian 
	0.14 radian 
	0.45 radian



As we can see, the performance of frequency domain method is the worst this is because the multiple path has strong distortion in the phase estimation in the F domain as shown in following figure, thus even with some smooth or averaging, the estimated phase is still worse than the other two. However, the other two (time domain/mitigation method) are highly dependent on the first path detection. In case LOS path exists, the time domain method could outperform others and mitigation methods could provide outstanding performance when the LOS path possibility is lower.
[image: ]
Fig. 12 the distortion caused by multiple path effect.
For the better use of frequency domain to phase estimation, one way is to identify and eliminate the improper channel condition. As discussed in section 2.1.5 and the evaluation results shown below:
[image: ]
Fig. 13 the utilization of amplitude/RSRPP gap threshold between first path and other paths.

	Phase estimation
	CDF@50%
	CDF@67%
	CDF@80%
	CDF@90%
	Percentage of UE with more than 3 qualified TRPs

	Case 1: Frequency domain estimation without eliminating the improper links
	0.15 radian
	0.27 radian
	0.51 radian
	2.74 radian
	100%

	Case 2: Frequency domain estimation with eliminating the improper links, the RSRPP of first path should be more than 2 times of that for second path;
	0.13 radian
	0.21 radian
	0.35 radian
	0.67 radian
	58%

	Case 3: Frequency domain estimation with eliminating the improper links, the RSRPP of first path should be more than 5 times of that for second path;
	0.12 radian
	0.19 radian
	0.38 radian
	0.46 radian
	25%



Although when the gap threshold between the RSRPP of first path and that for second path is larger, the filtered-out paths are more suitable to be used, it will also severely decrease the number of TRPs can be used. Thus, there should be the trade-off between the selected gap threshold and the available number of qualified TRPs. 

Observation 14: The phase estimation in frequency domain is seriously degraded by multi path effect.
Observation 15: Multi-path mitigation method could provide better phase estimation when LoS path probability is low.
Observation 16: The utilization of amplitude/RSRPP gap threshold between first path and other paths to eliminate the improper link could provide better phase estimation outcome.
For performance evaluation considering different error sources, the following simulations are presented for 
· Case 1: phase error (offset) between TRP and UE is with 1% or 10% of 2*pi as error;
· Case 2: with ARP error with +/-2 cm in each of the x,y,z;
[image: ][image: ]
                           (a) 1% of phase error                                             (b) 10% of phase error        
Fig13: performance of phase error with 1% and 10% of 2*pi;

[image: ]
Fig14: performance of ARP error at +/-2cm

As we can see, the 1% error can still be tolerable for up to 65% of UEs, and the 10% error is even worse than the DL-TDOA method, which means the error of the carrier phase positioning is so bad that CPP is worsening the location estimate of legacy methods instead of improving it. For ARP errors, given the wavelength is around 8cm at the 3.5Ghz then 2 cm is actually 25% of 2pi, so worse performance could be expected. 
Observation 17: With larger phase error and ARP error, the performance is degraded severely. 
Conclusions
The following observations and proposals have been made regarding the carrier phase method
Proposal 1: Support the use of Rel-16 DL and UL positioning reference signals with no or small comb for the carrier phase positioning.
Proposal 2: Consider the use of Rel-16 DL and UL positioning reference signals using the same frequency offset () across OFDM symbols of a slot for the carrier phase measurement.
Capture the following observation in the TR:
Observation 1: The allocation of positioning reference signals to sub-carriers with no comb or with a small comb, and without frequency hopping between adjacent symbols has been studied and it improves the accuracy of carrier phase positioning.
Observation 2: PRU can be considered for elimination of gNB and UE clock biases, but at the expense of additional network topology complexity.
Proposal 3: RAN1 to continue studying 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.
Proposal 4: Support the use of round-trip carrier phase measurement to eliminate UE and gNB clock biases. The round trip carrier phase measurement is the sum of the DL carrier phase measurement at the UE and the UL carrier phase measurement at the gNB.
Capture the following two observations in the TR:
Observation 3: The effectiveness of using round trip carrier phase positioning to eliminate the impact of the initial phases of the transmitter and the receiver on NR carrier phase positioning are evaluated in the study item.
· Source [Samsung, NN] shows a positioning accuracy of <0.5cm 96% of the time @ 5m, a positioning accuracy of <0.5cm 85% of the time @ 20m, and a positioning accuracy of <0.5cm 72% of the time @ 50m for InF-SH can be reached with round trip carrier phase positioning.

Observation 4: The use of round trip carrier phase positioning to eliminate the impact of initial phase and reference timing mismatches of the transmitter and receiver has been studied and it improves the accuracy of carrier phase positioning.
Observation 5: 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.
Proposal 5: Study using legacy-based positioning measurements to estimate the number of integer cycles between the gNB and the UE.
Proposal 6: Support using multiple carriers to determine a phase of a virtual carrier with a lower virtual frequency.
Observation 6: Using a combination of both long wavelength and short wavelength, we get a better carrier phase measurement result.
Proposal 7: Support using carrier phase measurement of DL/UL PRS sub-carriers (e.g., by calculating the slope of the carrier phase measurement relative to frequency) to eliminate the integer ambiguity.
Capture the following two observations in the TR:
Observation 7: The effectiveness of using carrier phase measurement of DL/UL PRS sub-carriers to eliminate the impact of integer ambiguity on NR carrier phase positioning has been evaluated in the study item.
· [bookmark: _GoBack]Source [Samsung, NN] shows a positioning accuracy of <0.5cm 96% of the time @ 5m, a positioning accuracy of <0.5cm 85% of the time @ 20m, and a positioning accuracy of <0.5cm 72% of the time @ 50m for InF-SH can be reached when using the slope of the carrier phase at each receiver and combining together with round trip carrier phase. 
Observation 8: The use of carrier phase measurement of DL/UL PRS sub-carriers to eliminate the impact of integer ambiguity has been studied and it improves the accuracy of carrier phase positioning.
Proposal 8: Study methods to mitigate the effect of the phase centre offset, e.g., measuring carrier phase of 3 gNBs with rays that are sufficiently close in the spatial domain at the UE.
Observation 9: NLOS conditions and multi-path reflections impact the accuracy and usability of the carrier-phase method.
Proposal 9: Study the condition for applying CPP method based on the NLOS and multi-path including first path detection.
Proposal 10: To identify and separate the first path and other paths, study the utilization of amplitude/RSRPP gap threshold between first path and other paths to decide whether CPP could be applied or not.
Observation 10: Using TCI states defined by TCI-State and UL-TCIState for DL/UL positioning reference signals simplifies the quasi-co-location and spatial relation framework and allows positioning methods to utilize other channels and signals to aid in positioning calculations.
Observation 11: To support TCI states providing quasi-co-location for DL PRS, the source RS of the TCI state can be extended by including DL PRS as a source RS for TCI-State. Other source RS types and QCL types needed for DL PRS are already supported.
Observation 12: To support TCI states providing spatial relation for positioning SRS, the source RS of the TCI state can be extended by including DL PRS as a source RS for TCI-State or UL-TCIState, and positioning SRS as a source RS for UL-TCIState. Other source RS types needed for positioning SRS are already supported.
Proposal 11: Extend the Rel-17 TCI-State or UL-TCIState to support providing quasi-co-location and spatial relation for DL/UL positioning reference signals. 
Observation 13: Round-trip carrier phase derivative with respect to carrier frequency can provide centimetre level accuracy. 
Observation 14: The phase estimation in frequency domain is seriously degraded by multi path effect.
Observation 15: Multi-path mitigation method could provide better phase estimation when LoS path probability is low.
Observation 16: The utilization of amplitude/RSRPP gap threshold between first path and other paths to eliminate the improper link could provide better phase estimation outcome.
Observation 17: With larger phase error and ARP error, the performance is degraded severely. 
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Agreements from prior meetings
A.1	Agreements from RAN1#109-e

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.

R1-2205164	FL Summary for improved accuracy based on NR carrier phase measurement	Moderator (CATT)

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.
A.2 Agreements from RAN1#110
Agreement
Endorse the templates in section 17 under (H)(Round 1) Proposal 17-1 in R1-2207690 to collect carrier-phase based positioning simulation results, with the following notes:
· The TR editor can adjust the sections/sub-sections arrangement
· Adjust the titles of the tables to refer to NR carrier-phase based positioning
· The detailed rows of the tables can be further discussed

Agreement
In the evaluation of NR carrier phase positioning, the following frequency errors can be considered, which are modeled independently for each UE and each TRP:
0. Initial Residual CFO (is the same for one measurement instances [or multiple phase measurement instances]):
0. Ideal: 0 (UE/TRP)
0. Practical: uniform distribution within 
0. [-30, +30] Hz (FR1, UE), [-100, +100] Hz (FR1, UE), 
0. [-120, +120] Hz (FR2, UE), [-400, +400] Hz (FR2, UE),
0. [-10, +10] Hz (for each TRP, FR1),
0. [-40, +40] Hz (for each TRP, FR2).
0. Oscillator-drift (is the same for one or multiple phase measurement instances for positioning fix):
1. Ideal: 0 (UE/TRP)
1. Practical: uniform distribution within [-0.1, 0.1] ppm (UE), [-0.02, +0.02] ppm (each TRP) within measurement duration
1. Note: The Doppler frequency can be determined based on the UE speed in the evaluation assumption.


Agreement
In the evaluation of NR carrier phase positioning, the offset between the initial phase of the transmitter and the initial phase of the receiver can be modeled as a random variable uniformly distributed within [0, X].
·  Possible values of X: 2pi
· Other values FFS

Agreement
In the evaluation of NR carrier phase positioning, the antenna reference point (ARP) location error of a TRP can be modeled as follows: 
1. Ideal: no ARP error
1. Practical: a zero-mean, truncated Gaussian distribution with zero mean and standard deviation of T=[1, 5] cm truncated to 2T in each of (x, y, z) direction

Agreement
In the evaluation of NR carrier phase positioning, the following the UE/TRP antenna phase center offset (PCO) model can be considered as the starting point: 

dPCO =  a * dPhi + w							
			where	
· a is the scale factor, a=[0, 1, 3]
· FFS: other values
· dPhi is the direction difference (in degrees):
· Example 1, dPhi is the difference between the true and the calculated (or measured) directions between a transmitter (UE/TRP) and a receiver (TRP/UE).
· Example 2: dPhi is the direction difference between one UE to two TRPs, or between one TRP to two UEs.
· w is 0 or a random variable uniformly distributed within [-2, +2], or [-5, +5], or [-X, +X] degrees
· FFS: value of X or left up to companies
· Note: the above model is valid only when absolute value of dPhi < Y degrees
· FFS: value of Y or left up to companies


Agreement
For the evaluation of NR carrier phase positioning, UE position can be calculated by the use of the carrier phase measurements obtained at the M sequential time instances, where 
1. Baseline: 
2. M=1
1. Optional : 
3. M=4
3. Other values of M 
1. Companies should report their assumptions on UE mobility (e.g. speed)


Agreement
Further evaluate the following multipath mitigation methods for the carrier phase positioning, which include, but are not limited to, the following:
· The methods of estimating the carrier phase of the first path
· Note: Both time-domain and frequency-domain methods can be considered
· LOS/NLOS/ Multi-path indication for the carrier phase measurements for improving the accuracy of the position calculation
· Rel-17 LOS/NLOS indicator can be used as the starting point
· measurements of the first path and additional paths
· E.g. carrier phase measurements, timing measurements
· other channel information, such as RSRP/RSRPP, CIR/CFR, etc.

A.3 Agreements from RAN1#110b-e
Agreement
The existing DL PRS and UL SRS for positioning can be re-used as the reference signals to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning. 
· FFS: Whether to consider enhancements of the existing DL PRS and UL SRS for better positioning performance

Agreement
For UE-assisted NR carrier phase positioning, at least consider the following options 
· 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

Agreement
Make the following modification to the previous agreement on the initial phase model with an additional note:
· In the evaluation of NR carrier phase positioning, the offset between both the initial phase of the transmitter and the initial phase of the receiver can be modeled as a independent random variables uniformly distributed within [0, X2pi].
· Note: The initial phase of a transmitter applies to all subcarriers of the same carrier frequency associated with the transmitter, and the initial phase of a receiver applies to all subcarriers of the same carrier frequency associated with the receiver.

Agreement
Further study the benefits of using the carrier phase measurements of multiple DL positioning frequency layers for NR carrier phase positioning, which may include the impact of the time gap between the carrier phase measurements of multiple DL PFLs.
· Note 1: The initial phase error and the frequency error for each PFLs can be modelled independently
· Note 2: For the evaluation, the PRS signals of all PFLs of a TRP can be assumed to be transmitted from the same ARP or from different ARPs of the TRP.
· Note 3: The location error for ARPs can be modelled independently.
· Note 4: The timing errors of the PFLs may not be the same for PFLs in different bands or frequency ranges.
· Note 5: In Rel-17, simultaneous reception of DL PRS from multiple frequency layers is not supported

Agreement
For UL UE-assisted NR carrier phase positioning, at least consider the carrier phase measured from the UL SRS for positioning purpose.
· Note: The use of MIMO SRS for positioning purpose is transparent to UE.

Agreement
Capture the following TP into TR 38.859 as a conclusion (for Section 6.3.1):
· The impact of multipath/NLOS on NR carrier phase positioning is evaluated during the study item. Based on the study, it is concluded that multipath/NLOS deteriorates the performance of carrier phase positioning and it is necessary to consider multipath mitigation for NR carrier phase positioning.
· The evaluation results for the impact of the multipath/NLOS on NR carrier phase positioning will be presented in Section 6.3.2.

Agreement
Add the following note to the previous agreement on error modelling of the initial phase:
· Note: The initial phases of a transmitter for different carriers can be assumed to be independent of each other. Similarly, the initial phases of a receiver for different carriers can be assumed to be independent of each other.

Agreement
Add a row of "PRU assumptions" in Table B.4.X.1-1: NR carrier phase positioning enhancements – evaluation scenarios and parameters” in Draft TR 38.859.
· Note: PRU deployment assumptions may include the assumptions of the number of PRUs, the PRU locations and location errors etc.


Agreement
Capture the following TP into TR 38.859 as an evaluation observation:

The impact of the initial phases of the transmitter and the receiver on NR carrier phase positioning is evaluated in the study item. The evaluation results from the sources (e.g., Huawei[1], vivo[2], CATT[6], ZTE[9]) show that if the initial phases of the transmitter and the receiver are not eliminated, it is impossible to support centimeter-accuracy positioning.

The effectiveness of using double differential technique with PRU to eliminate the impact of the initial phases of the transmitter and the receiver on NR carrier phase positioning are evaluated in the study item. The evaluation results from the sources (Huawei[1], CATT[6], ZTE[9], Ericsson [23]) show that the initial phases of the transmitter and the receiver can be removed effectively by the double differential technique with the use of the PRU:
· Source [Huawei, 1] shows the positioning accuracy of <1cm (80%) for Inf-SH and < 1cm (50%) for Inf-DH can be reached when the PRU is located within a distance of 5m from the target UE.
· Source [CATT, 6] shows the positioning accuracy of <1cm (80%) for Inf-SH and <1cm (50%) for Inf-DH can be reached under the under condition that the PRU is located a fixed location in LOS of the TRP.
· Source [Ericsson 23] shows that the accuracy of <1cm (50%) when the PRU is located within 1m of the target UE. However, the effectiveness reduces when the PRU is located away from the target UE because the channel conditions of the PRU is different from the target UE.
· Note: in the above results, all other error sources (except initial phase error) were not modelled.
(Not captured in TR) Note: The number of sources and the references, and the observations, can be further updated in next meeting depending on companies’ updates of simulation results. 

Agreement
Capture the following TP into TR 38.859 as an evaluation observation (for Section 6.3.2):

The impact of the residual CFOs of the transmitter and the receiver on NR carrier phase positioning are evaluated during the study item.
· The evaluation results from the sources (Huawei[1], ZTE[9]) shows the impact of residual CFOs on carrier phase positioning is negligible.
· The evaluation results from the source (CATT[4]) shows the impact of the residual CFOs on the positioning performance of carrier phase positioning is removed with the use of the double differential technique with the PRU that is located a fixed location in LOS of the TRP.
(Not captured in TR) Note: The number of sources and the references, and the observations, can be further updated in next meeting depending on companies’ updates of simulation results. 

[bookmark: _Hlk117170400]Agreement
Capture the following TP into TR 38.859 (Section 6.3.1):
· The use of the positioning reference unit (PRU) to facilitate NR carrier phase positioning has been studied during the study item.
· For DL NR carrier phase positioning, the PRU works as a UE to receive the DL PRS reference signals and provide the DL carrier phase measurements to the LMF, where the double differential measurements can be obtained by the difference of the DL carrier phase measurements from the target UE and those from the PRU for eliminating the measurement errors.
· For UL NR carrier phase positioning, the PRU works as a UE to transmit the UL SRS signals for positioning purpose. The TRPs provides the UL carrier phase measurements obtained from the UL SRS signals of the target UE and of the PRU to the LMF, where the double differential measurements can be obtained by the difference of these UL carrier phase measurements for eliminating the measurement errors.
  
Agreement
Further study the effectiveness of the following multipath mitigation methods for the carrier phase positioning and the potential on the standard work:
· Identify and separate the first path and other paths.
· Reporting of the carrier phase of the first path, and optionally, the additional paths.
· The use of LOS/NLOS indication for the carrier phase measurements.
· Note: Rel-17 LOS/NLOS indicator can be considered as a starting point.
· The report of other channel information, such as RSRP/RSRPP.
 
Agreement
Further study the following approaches for NR carrier phase positioning, and identify the potential impact on the standard.
· the reporting of the carrier phase measurements together with the existing positioning measurements.
· the reporting of the carrier phase-based measurements alone without reporting the existing positioning measurements.
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