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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. 
If device A transmits from multiple antenna elements, and the transmitted signals are received by a single receiver at device B, the propagation path from each of the transmitters of device A to the receiver of device B undergoes a different propagation delay, the difference in propagation delay and hence the difference in phase at the receiver of device B can be used to determine the angle of departure from device A. Alternatively, if device A transmits from a single antenna, and the signal is received by multiple antenna elements at device B, the propagation path from the transmitter of device A to each receiver of device B undergoes a different propagation delay, the difference in propagation delay and hence the difference in phase at each antenna element receiver of device B can be used to determine the angle of arrival at device B. Using differential phase measurements and the associated challenges is discussed in section 2.2.
[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, 3GPP transmits 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 to 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. This issue is further discussed in section 2.1.2.
3. The carrier phase method measures fractional propagation delay  (). The integer number of cycles , can’t 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. 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 2.1.4.


[bookmark: _Ref101612488]Figure 1: Carrier phase method to refine TOA measurement
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2.1 
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.
· 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
A common aspect of these 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. Therefore,
Proposal 1: Study the use of Rel-16 DL and UL positioning reference signals with no or small Comb for the carrier phase method.
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: Study 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.
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. 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. Thus, it is 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 1: 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 study how to provide PRU or PRU-like functionality under existing system.

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. Similar 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.


Proposal 4: Study 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.

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 mention earlier, the carrier phase measurement can have an accuracy of 0.01 to 0.05 carrier cycles. For this method to work well evenly 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 2: If the coarse position 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: Study 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 3: 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 4 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.


[bookmark: _Ref110279254]Figure 4: Carrier phase slope.

Proposal 7: Study using the slope of the carrier phase measurement relative to frequency with multiple sub-carrier measurements to eliminate the integer ambiguity.

NLOS 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 4: 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.   
Proposal 8: Study the criteria under which the carrier phase method can be used based on e.g., 
· LoS/NLoS indicator
· Multi-path indicator
· First detected path’s RSRP 

Using carrier phase difference for angle estimation
A single ray of a radio wave propagating in space can be described 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 phase difference between two rays and how they can be used to determine positioning information. 
1. If two signals are transmitted from two antenna elements of an antenna array separated by distance , as illustrated in Figure 5. In the far field the phase difference between the two rays depends on the angle of departure, i.e., angle between the rays and the antenna array (or the angle between the rays and normal to the antenna arrays). If the angle between the normal to the antenna array and the ray is , the phase difference between the two rays is . By measuring the phase difference between the two transmitted rays the angle of departure can be calculated. 



[bookmark: _Ref110346748]Figure 5: Phase difference between two transmitted rays.

2. If a signal is transmitted from a transmit antenna is received by the two antenna elements of an antenna array, as illustrated in Figure 6, the phase difference between the two rays depends on the angle arrival .  Angle  is the angle between the ray and the normal to the antenna array. When travelling far from the transmit antenna, radio waves that travel parallel to each other, as shown in Figure 6, 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 6, 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 6: Incidence of radio waves on a two-element antenna area.

Using the carrier phase difference measurement as described above, even if there is synchronization phase mismatch, it is cancelled when subtracting the carrier phase measurement of the first ray from the carrier phase measurement of the second ray, as both rays are transmitted from the same device and received by the same device.
Using the carrier phase difference measurement as described above, and with separation between the antenna elements of , there is no integer ambiguity issue as the maximum phase between rays of two antenna elements is .
Using the carrier phase difference measurement as described above, the same consideration for the link condition (LOS vs NLOS) as described in section 2.1.4 apply.
Proposal 9: Study and evaluate the performance of carrier-phase difference measurement for estimating the angle of arrival at the UE.
Proposal 10: Study and evaluate the performance of carrier-phase difference measurement for estimating the angle of departure at the UE or the gNB.
As a result of the UEs mobility, the position of the UE changes over time as shown in Figure 7. 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 7: Virtual antenna array due to UE's mobility.

Proposal 11: Study and evaluate the use of the UEs mobility to create a virtual antenna array.

Evaluation Methodology 
In this section we present evaluation results for the round trip carrier phase method using the carrier phase measurement slop to eliminate the integer ambiguity. 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 8:CDF of Distance Error

Figure 8 illustrates 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 slop. Figure 8 illustrates the benefit of not having frequency offset hopping between 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 4: Round-trip carrier phase derivative with respect to carrier frequency can provide centimetre level accuracy. 
[bookmark: _GoBack]Conclusions
The following observations and proposals have been made regarding the carrier phase method
Proposal 1: Study the use of Rel-16 DL and UL positioning reference signals with no or small Comb for the carrier phase method.
Proposal 2: Study 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.
Observation 1: 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 study how to provide PRU or PRU-like functionality under existing system.
Proposal 4: Study 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.
Observation 2: If the coarse position 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: Study using multiple carriers to determine a phase of a virtual carrier with a lower virtual frequency.
Observation 3: Using a combination of both long wavelength and short wavelength, we get a better carrier phase measurement result.
Proposal 7: Study using the slope of the carrier phase measurement relative to frequency with multiple sub-carrier measurements to eliminate the integer ambiguity.
Observation 4: NLOS conditions and multi-path reflections impact the accuracy and usability of the carrier-phase method.
Proposal 8: Study the criteria under which the carrier phase method can be used based on e.g., 
· LoS/NLoS indicator
· Multi-path indicator
· First detected path’s RSRP 
Proposal 9: Study and evaluate the performance of carrier-phase difference measurement for estimating the angle of arrival at the UE.
Proposal 10: Study and evaluate the performance of carrier-phase difference measurement for estimating the angle of departure at the UE or the gNB.
Proposal 11: Study and evaluate the use of the UEs mobility to create a virtual antenna array.
Observation 4: Round-trip carrier phase derivative with respect to carrier frequency can provide centimetre level accuracy. 
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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.
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