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Introduction
The objective for NR carrier phase-based positioning as stated by the WID [5] is:
	· Specify physical layer measurements and signaling to support NR DL and UL carrier phase positioning for UE-based, UE-assisted, and NG-RAN node assisted positioning [RAN1, RAN2, RAN3, RAN4].
· Existing DL PRS and UL SRS for positioning are used for NR carrier phase measurements.
· Specify measurements that are limited to a single carrier/PFL. 
· Specify corresponding new core requirements, as well as identifying and specifying the impact on the existing RAN4 specification, including RRM measurements without measurement gaps in connected and inactive mode (including PRS measurement period/reporting) and procedures [RAN4].


[bookmark: _Ref7792543][bookmark: _Ref7598514]In this contribution we present proposals in line with this objective.
Measurement definition and reportingRAN1#112-e:
Agreement
Further study whether and how to support a UE/TRP to report the carrier phase measurement quality indication for corresponding the phase measurements. 

RAN1#113
Agreement
From RAN1’s perspective, carrier phase positioning for UE in RRC_IDLE state is supported for UE-based and UE-assisted positioning in Rel-18.
· Note: No additional specification work is expected specifically related to carrier phase positioning for UE in RRC_IDLE state in RAN1.
Conclusion
· From RAN1’s perspective, carrier phase positioning for UE in RRC_CONNECTED state without measurement gap is not supported in Rel-18.



Measurement quality indication
We are generally positive to the use of a measurement quality indicator for carrier phase measurement. The details should be left to RAN2. There are however many more pressing issues that need to be resolved first, hence we propose to treat the question of measurement quality indication with low priority.
[bookmark: _Toc142658980]The question of measurement quality indication should have low priority.
Reporting one or multiple measurements within a PFLRAN 112b-e
Agreement
The specific RF frequency associated with a DL carrier phase measurement is defined as the center frequency of the DL PFL by default.
· Note: It is open to further discussion whether a frequency other than the center frequency of the DL PFL can also be the specific RF frequency for non-default case(s), if RAN1 agrees to introduce them.
Agreement
The specific RF frequency associated with a UL carrier phase measurement is defined, by default, as the center frequency of the transmission bandwidth of the SRS for positioning purpose.
· Note: It is open to further discussion whether a frequency other than the center frequency of the UL carrier can also be the specific RF frequency for a non-default case(s), if RAN1 agrees to introduce them.



Regarding “further discussion whether a frequency other than the center frequency”, reporting of phase measurements of more than one frequency within a PFL has been discussed during several meetings. At this late stage of Rel. 18 we need to focus on higher priority issues where we are more likely to have progress.
In our previous contribution [13] we showed that reporting multiple phase measurements is not needed (see also Appendix A). We showed that
1. The phase  at frequency  within the PFL can be obtained from the phase of the center frequency  and the time-of-arrival  (or equivalently RSTD, RTOA, etc.)
2. When  is obtained from  as we propose, then it is more accurate and less noisy than 
a. when  is a reported subcarrier measurement, or
b. when  has been calculated from a segment of the bandwidth.
Consequently, the virtual frequency method does not require reporting of more than the phase of the center frequency and the time-of-arrival. For joint reporting of carrier phase measurements together with DL/UL TDOA, only  needs to be added.
[bookmark: _Toc142658970]The phase  at frequency  within the PFL can be obtained from the phase of the center frequency  and the time-of-arrival  (or equivalently RSTD, RTOA, etc.)
[bookmark: _Toc142658971]When  is obtained from  then it is more accurate and less noisy than when  is a reported subcarrier measurement, or when  has been calculated from a segment of the bandwidth.
[bookmark: _Toc142658981]Do not introduce reporting of phase measurements at more than one frequency within the PFL.
Joint reporting and stand-alone carrier phase reporting RAN1#112bis-e: 
Agreement
· Support enabling a TRP to report UL RSCP together with RTOA and/or gNB Rx-Tx time difference measurements to LMF

Agreement
Introduce DL reference carrier phase (DL RSCP) and NR DL reference carrier phase difference (DL RSCPD) as DL carrier phase measurements.
· DL RSCP can be reported together with UE Rx – Tx time difference measurement
· DL RSCPD can be reported together with RSTD measurement

Stand-alone carrier phase-based positioning was studied only superficially during the SI. The inter ambiguity problem becomes more difficult so companies simply limited the integer ambiguity problem to the true integer vector  plus some uncertainty margin. 
[bookmark: _Toc142658972]The technical feasibility of a stand-alone carrier phase-based positioning solution without prior information of the UE position has not been demonstrated during the SI.
Additionally, since we have agreed to define carrier phase measurements for the first path and since time-of-arrival estimation is needed to single out that path, there is little or no additional computations needed to obtain RSTD/RTOA as well. (It makes no sense that a receiver computes time-of-arrival and carrier phase for a path and then only reports the carrier phase measurement.)
It has been suggested that stand-alone carrier phase measurement reporting can be beneficial for PRUs. However, the gains would be small but the additional specification impact very large and add to the complexity of LPP. 
[bookmark: _Toc142658982]Do not support stand-alone carrier phase-based positioning.
Assistance information for double differentiation
LMF forwarding PRU measurements
RAN1#113:
Agreement
For UE-based carrier phase positioning, support enabling LMF to forward the DL carrier phase measurement reported by a PRU, with additional information of the same PRU to a target UE for UE-based carrier phase positioning in the positioning assistance data.
· Note: Whether the forwarded DL carrier phase measurement is DL RSCP and/or DL RSCPD depends at least on which of them is (are) supported by UE capability.
· additional information of the same PRU includes at least PRU location. 
· FFS: additional PRU information, e.g. the AoD of PRU to each TRP, etc.

LMF forwarding PRU measurements to a target UE can enable UE-based carrier phase based positioning with double-differentiation. The purpose of double-differentiation is to cancel out error sources which are shared between the target UE and the PRU. We have previously advocated a solution where LMF sends carrier phase correction factors, a solution that we believe have some advantages, but the agreement was to forward PRU measurements instead.
DL RSCPRAN1#112bis-e Agreement:
DL RSCP can be reported together with UE Rx – Tx time difference measurement

It is our understanding that DL RSCP is intended to be used in a round-trip manner together with UL RSCP (similar to how UE Rx-Tx and gNB Rx-Tx are used to construct RTT). The purpose is of combining measurements in both uplink and downlink is to cancel out UE and gNB phase offsets. Since PRU measurements doesn’t play a role in this scheme (there is no double-differentiation), we don’t see why a Target UE would be interested in PRU DL RSCP measurements.
[bookmark: _Toc142658973]DL RSCP measurements are intended to be combined with UL RSCP measurements to cancel out UE and gNB phase offsets.
[bookmark: _Toc142658983]LMF should not forward DL RSCP measurements of a PRU to a Target UE since differentiation will not be applied to DL RSCP measurements. 

DL RSCPD
DL RSCPD will be jointly reported together with RSTD by a UE/PRU to LMF in the NR-DL-TDOA-MeasElemented-r16. It can be beneficial that LMF forwards the following additional IEs of NR-DL-TDOA-MeasElemented-r16 for a PRU to the Target UE:
· PRS Identity (including Resource ID and Resource Set ID),
· Cell/TRP identity,
· ARFCN,
· TimeStamp,
· LoS-NLoS indicator. 
LMF does not need to forward the following information of the PRU to the target UE
· Any measurement or information related to time measurements, e.g. RSTD, TimingQuality.
· Any measurement or information related to additional paths or additional measurements, e.g. AdditionalPathList
[bookmark: _Toc142658984]The following measurements and information from a PRU should not be forwarded by LMF to a target UE
- RSTD, TimingQuality,
- additional path information,
- additional measurements. 
Additional information of the PRU
It is not enough that LMF forwards PRU measurements to the target UE. Specifically, the PRU position is needed in the double-differentiation equations and the question is if there is other information that can be of benefit to the Target UE. We think that locationEstimate and locationError of the PRU can be benificial to include as additional information to the target UE.
The angle-of-departure/angle-of-arrival of the PRU to each TRP could be computed by LMF if the PRU reports its orientation. We are generally positive to the possibility for a UE to report its orientation to LMF, not just for the benefit of carrier-phase positioning. However, we think that the topic has a low priority.
[bookmark: _Toc142658985]LMF should provide the PRU locationEstimate as assistance data to the target UE. LocationError can be optional.
[bookmark: _Toc142658986]Angle-of-arrival or angle-of-departure at the PRU has low priority.
[bookmark: _Toc142658987]The locationEstimate of stationary PRUs does not need to be provided with the same periodicity as DL RSCPD measurements of the PRU.
Assistance data periodicity
The time-aspect was not sufficiently studied during the SI, but for GNSS RTK, real-time streaming of phase correction factors is needed to reach the best accuracy. In downlink, differentiation with respect to carrier phase measurements of a PRU serves the purpose to cancel out different Tx phase-offsets of TRPs. A problem can appear if the Tx phase-offsets vary over time: Let  be the initial Tx phase offset of TRP  at time . Assume that target UE performs measurements at time  and the PRU performs measurements at time . If , then the Tx phase offset will not be cancelled out perfectly, there error  remains. If the change rate  is the same for all TRPs, then the reminder  will anyway cancel out in the second differentiation (differentiating between TRPs). But if the phases of different TRPs are drifting with different rates, then double-differentiation will not cancel out these differences.
[bookmark: _Ref134108340][bookmark: _Toc142658974]If the initial Tx phase offsets of TRPs is time-varying then they may not be cancelled out by double-differentiation. The problem appears under two conditions 
1) UE measurements and reference measurements (from e.g. a PRU) are not simultaneous and 
2) there is a relative phase drift between different TRPs.
For GNSS-RTK, the shortest possible periodicity of SSR phase corrections is 1 second [12], meaning that it is acceptable to use reference station carrier phase measurements (corresponding to PRU) that are one second old for differentiation.
[bookmark: _Ref134108359][bookmark: _Toc142658975]The shortest possible update-rate of SSR phase corrections for GNSS-RTK is 1 second.
Following GNSS-RTK, we propose that it should be possible to provide updated correction factor with variable rate. The update rate is FFS. Companies that propose that it should be possible to configure very short update rates should provide evidence why it is needed.
[bookmark: _Toc142658988]It should be possible to provide a UE with updated correction factor with variable update rate.
FFS: What update rates should be supported.
To reduce the signaling overhead, LMF can skip sending assistance data updates on measurements or parameters that has not been changed significantly. 
For DL RSCPD measurements there can be a threshold specified that defines when updated correction factors need to be sent to the UE. The threshold may be defined in a statistical way related to the DL RSCPD uncertainty, so that only statistically verified changes are forwarded to the Target UE.Example: A simple algorithm to provide updated correction factors to the UE can be as follows:
· Initial state: The DL RSCPD measurements of the PRU, , have been provided to the UE.
· Each time LMF retrieves new DL RSCPD measurements, ,  from the PRU:
· if   then  and send the updated phase corrections  to the UE. The parameter  is a threshold.

For applications that are less latency-critical another method to reduce the signaling overhead is to provide PRU DL RSCPD measurements in batches where the absolute validity time of each set of correction factors is specified.Example: 
The vector with PRU DL RSCPD measurements  is valid during time-period , the measurements  is valid during , etc. Several vectors  are reported to the UE in one single batch.

[bookmark: _Toc142658989]If the DL RSCPD of a PRU has changed less than a predefined threshold or less than the DL RSCPD uncertainty, then the change does not need to be forwarded to the target UE.
[bookmark: _Toc142658990]It should be possible for LMF to forward PRU measurements to the Target UE in batches.

Non-physical PRU
One problem that need to be handled is the case where there are multiple nearby reference units, then which one(s) should be used? One advantage of having LMF send correction factors rather than PRU measurements was that correction factors can be obtained by combining measurements from multiple PRUs. As it has been decided to forward PRU measurements, one option is to let LMF forward a list of measurements from multiple PRUs to the UE. This comes at a significant cost in terms of signaling overhead.
[bookmark: _Toc142658976]Having LMF forward measurements from multiple PRUs will significantly increase the signaling overhead.
A second option is to let LMF decide which PRU that is best suited for a specific target UE and forward the measurements of that PRU. This solution can be solved by implementation without specification impact.
A third option is to introduce the notion of a non-physical PRU:
· A non-physical PRU can be assigned a position nearby the expected position of the Target UE.
· The “measurements” of a non-physical PRU are obtained by combining/interpolating measurements from multiple physical PRU in a way that is consistent with its assigned position.
Non-physical reference stations is already supported by GNSS RTK, (see TS 37.355, GNSS-RTK-ReferenceStationInfo-r15 IE). We propose to use it for carrier phase-based positioning as well.
[bookmark: _Toc142658991]It should be possible for LMF to report carrier phase measurements from a non-physical PRU, similar to how it is possible to report for non-physical reference stations with GNSS-RTK.

Simultaneous measurements
RAN 113
Agreement (Uplink)
To enable simultaneous transmission of UL SRS for positioning by a target UE and a PRU, support the following enhancements:
· Enabling LMF to request the serving gNB of a UE to configure the transmission of the UL SRS resources from the UE within indicated time window(s).
· FFS: the details of the time window, e.g., the start time, duration, periodicity for the time window(s), within the vicinity of a reference SRS configuration or use the existing message of Scheduled Location time
· Enabling LMF to request the serving gNB and neighboring gNBs of the UE to measure the  UL SRS resources from the UE within indicated time window(s).
· Note: this may be a different indicated time window

To enable LMF to request the serving gNB and neighboring gNBs of a UE to measure the UL SRS resources from the UE within indicated time window(s), each time window is defined with the following parameters:
· The start of the time window, which is indicated by a combination of subframe number, slot offset and symbol index with respect to the SFN initialization time
· The duration of the time window, which is given by a number of consecutive slots/symbols
· FFS: the number of consecutive slots/symbols
· (Optional) The periodicity of the time window, which is defined similar to IE Measurement Periodicity in MEASUREMENT REQUEST in TS 38.455.
· FFS: the maximum number of the windows
Agreement (Downlink)
To enable simultaneous measurements on same DL PRS by a target UE and a PRU, support the following enhancements:
· Enabling LMF to request the UEs, including target UE and PRU(s), to perform measurements on indicated DL PRS resource sets occurring within indicated time window(s).
· FFS: the details of the configuration of the indicated time window(s), e.g., the start time, duration, periodicity for the time window(s), as well as the relationship with the Scheduled Location time.

To enable LMF to request the UEs, including target UE and PRU(s), to perform measurements on indicated DL PRS resource set(s) occurring within indicated time window(s), each time window is defined with the following parameters:
· The start of the time window, which is indicated by a combination of subframe number, slot offset and symbol index
· The duration of the time window, which is given by a number of consecutive slots/symbols
· FFS: the number of consecutive slots/symbols
· (Optional) The periodicity of the time window, which is defined similar to IE NR-DL-PRS-Periodicity-and-ResourceSetSlotOffset in TS 37.355.FFS: the maximum number of the windows


Scheduled location time
The Release 17 positioning feature “Scheduled location time T” was designed to enable synchronous positioning of multiple UEs. From TS 38.305 V17.4.0, 
Section 7.3.2:
· If a scheduled location time is provided […], the LMF may schedule location measurements by the UE to occur at or near to the scheduled location time.
· If a scheduled location time is provided […], the LMF may schedule location measurements by the NG-RAN to occur at or near to the scheduled location time.
Section 6.17.4:
· A common scheduled location time may be used if the LMF determines that simultaneous measurements for UE and PRU(s) are desirable.


The scheduled location time feature can be used to implement simultaneous measurements by different UEs in downlink and simultaneous transmissions by different UEs in uplink (and gNB measurements of those UL-signals). The feature does not provide any guarantees on the specific time-window then the measurements should be done, this is done on a best-effort basis. But rather than designing yet another mechanism for simultaneous measurements, we propose that “Scheduled Location Time T” should be used as baseline. If it is proven necessary to provide certain guarantees regarding time window for measurements, then the feature can be enhanced to accommodate that. 
In LPP (downlink), the scheduledLocationTime IE is signaled in the RequestLocationInformation message. The implementation in NRPPa is slightly different with a response time IE is part of the measurement request message from LMF.
[bookmark: _Toc142658977]The “scheduled location time T” was designed to enable synchronous positioning of multiple UEs.
[bookmark: _Toc142658978]The “scheduled location time T” does not support stringent requirements on time-window for positioning measurements, it is on a best effort-basis.
[bookmark: _Toc142658992]The “scheduled location time T” feature should be the baseline for enabling simultaneous measurements by different UEs in downlink and simultaneous transmissions by different UEs in uplink (and gNB measurements of those UL-signals).
Regarding the downlink agreement to enable LMF to indicate PRS Resources on which the different UEs should perform measurements, we note that LPP already supports LMF indicating PRS Resources to the UE as part of the assistance data. (To be specific, the nr-SelectedDL-PRS-IndexList-r16 field in NR-DL-<XXXX>-ProvideAssistanceData-r16.) This mechanism can be used also for the purpose of carrier phase based positioning
[bookmark: _Toc142658993]LMF indicate the PRS-resources that a UE should perform measurements on using the field nr-SelectedDL-PRS-IndexList-r16 in NR-DL-<XXXX>-ProvideAssistanceData-r16.


Carrier phase measurement differentials and Rx/Tx branches[bookmark: FP2]RAN#1 112b-e
Agreement
To address the impact of the phase delays on Tx/Rx RF chains, support one or more of the following options (down-selection in RAN1#113):
· Option 1a: introduce the definition of UE/TRP Tx/Rx phase error groups (PEGs) for the Tx/Rx of DL PRS/UL SRS signals 
· Rel-17 definitions of UE/TRP Tx/Rx TEGs can be used as the starting point for defining UE/TRP Tx/Rx PEGs.
· FFS: the details of \the UE/TRP Tx/Rx PEGs
· Option 1b: Introduce Tx/Rx RF antenna IDs or Tx/Rx RF chain IDs to identify the individual Tx/Rx RF chains for transmitting/receiving the DL PRS/UL SRS signals. 
· FFS: the details of the Tx/Rx RF antenna IDs or Tx/Rx RF chain IDs
· Note: Device transmitting PRS or positioning SRS provides Tx antenna ID or Tx Chain ID. Device receiving PRS or positioning SRS provides Rx antenna ID or Rx Chain ID.
· Option 1c: introduce the report of ARP ID for the Rx/Tx of DL PRS/UL SRS signals. 
· The transmission/reception associated with the same ARP ID is assumed from the same ARP.
· FFS: the maximum number of ARP IDs.
· Option 2: reuse or enhance the existing Rel-17 definitions of UE/TRP Tx/Rx TEGs with smaller margin value.
· Option 3: RAN1 sends an LS to RAN4, requesting RAN4 to consider whether there is a need to define the new UE/TRP Tx/Rx phase error groups (PEGs), introduce new IDs (e.g., Tx/Rx RF antenna IDs ) to present the phase delays for the Tx/Rx of DL PRS/UL SRS signals, or reuse or enhance the existing Rel-17 definitions of UE/TRP Tx/Rx TEGs with smaller margin value, and provide the definitions if RAN4 decides it is needed.

There was no new agreement on this topic at RAN1#113 but FL proposed to concentrate the discussions on Option 1a and Option 2 which most of the companies are supportive of. It is important to reach an agreement on this topic, otherwise RSCPD measurements will be formed from phase measurements that are incoherent.
We are pro Option 2. We are also ok with Option 1a which we think is functionally equivalent to Option 2 but with more standardization impact and more signaling overhead.
The main direction for CPP positioning is to perform DL RSCPD measurements together with DL RSTD measurements and report them together, meaning that the same antenna panel/elements are used for both measurements. For uplink it is analogous. With Option 1a, a new Rx-PEG identity will be associated with the carrier phase measurement. However, there will be a one-to-one mapping between Rx-PEG and Rx-TEG. The same holds for Tx since the same transmitted reference signal is used for both measurements there would be a one-to-one mapping between Tx-PEG and Tx-TEG. Therefore we are pro to Option 2, we propose to reinterpret the definition of a “timing error group” so that it captures both timing and phase errors. Besides the timing-error margin, we propose to associate a phase-error margin to each Rx- and Tx-TEG.
[bookmark: _Toc142658994]To address the impact of the phase delays on Tx/Rx RF chains, enhance the 
the definition of a “timing error group” so that it captures both timing and phase errors. (Option 2)
[bookmark: _Toc142658995]Besides timing-error margin, additionally associate a phase-error margin to each Rx and Tx TEG.
Furthermore, Option 1b means to introduce Tx/Rx RF antenna IDs or Tx/Rx RF chain IDs. Essentially similar proposals were debated during Release 17, and those discussions landed in the TEG concept because companies were unwilling to standardize sharing implementation specific information. 
Option 1c is to introduce the report of ARP ID for the Rx/Tx of DL PRS/UL SRS signals. In our view, two different Rx/Tx chains can have the same ARP, meaning that the actual antenna reference point is not sufficient to distinguish between them. 

Uncertainty rangeRAN1#112: 
Agreement
To support NR carrier phase positioning, further consider the following options:
· …
· Option 3: Support a UE/TRP to optionally report an estimated integer ambiguity and/or search range of the integer ambiguity to LMF
· Option 4: Support LMF to provide the expected integer ambiguity range at least for UE-based NR CPP in the positioning assistance data.


Option 3: 
An estimated integer ambiguity that the UE/TRP can report together with its measurements to LMF is equivalent to a range uncertainty (after multiplication with the wavelength). We note that in LPP it is already possible for a UE to report a “TimingQuality” in units of meters. This IE can be used to derived an estimated integer ambiguity range.
Regardless, there are many more pressing issues related to carrier phase-based positioning, so we propose that the question of uncertainty range reporting should be treated with low priority.
[bookmark: _Toc142658996]The question of integer ambiguity range reporting should be treated with low priority.

Option 4: 
This proposal concerns assistance data that LMF can provide to the UE. 
Consider Option 4 and the case of downlink phase-difference-of-arrival with one UE and  TRPs. Let TRP 1 be the reference TRP. Let  be the expected integer wavelengths between the UE and the TRPs, and  the uncertainty. The uncertainty range is thus given by . With phase-difference-of-arrival it will always be the difference , appearing in the equations, that is the integer-difference with respect to the reference TRP. For the case that phase-difference-of-arrival is used, then it is more natural to report the integer-difference ambiguity range.
[bookmark: _Toc142658979]For the case that phase-difference-of-arrival is used, then it is more natural to report the integer-difference ambiguity range.
However, we can already obtain the integer-difference ambiguity from the Rel. 17 DL-TDOA assistance data: In LPP there is the assistance data from LMF to UE:
· NR-DL-PRS-AssistanceDataPerTRP-r16 including IEs 
· nr-DL-PRS-ExpectedRSTD-r16
· nr-DL-PRS-ExpectedRSTD-Uncertainty-r16
It is straight-forward to translate this into an expected integer difference ambiguity (by multiplication by the speed of light and division with the wavelength). In uplink we have similarly (in NRPPa) the assistance data, from LMF to NG-RAN node
· Search Window Information
· Expected Propagation Delay
· Delay Uncertainty
[bookmark: _Toc142658997]Don’t support LMF providing an expected integer ambiguity range since (Option 4) since it can already be deduced from the RSTD resp. RTOA search window information standardized in Rel. 17.
Conclusion
In the previous sections we made the following observations: 
Observation 1	The phase  at frequency  within the PFL can be obtained from the phase of the center frequency  and the time-of-arrival  (or equivalently RSTD, RTOA, etc.)
Observation 2	When  is obtained from  then it is more accurate and less noisy than when  is a reported subcarrier measurement, or when  has been calculated from a segment of the bandwidth.
Observation 3	The technical feasibility of a stand-alone carrier phase-based positioning solution without prior information of the UE position has not been demonstrated during the SI.
Observation 4	DL RSCP measurements are intended to be combined with UL RSCP measurements to cancel out UE and gNB phase offsets.
Observation 5	If the initial Tx phase offsets of TRPs is time-varying then they may not be cancelled out by double-differentiation. The problem appears under two conditions  1) UE measurements and reference measurements (from e.g. a PRU) are not simultaneous and  2) there is a relative phase drift between different TRPs.
Observation 6	The shortest possible update-rate of SSR phase corrections for GNSS-RTK is 1 second.
Observation 7	Having LMF forward measurements from multiple PRUs will significantly increase the signaling overhead.
Observation 8	The “scheduled location time T” was designed to enable synchronous positioning of multiple UEs.
Observation 9	The “scheduled location time T” does not support stringent requirements on time-window for positioning measurements, it is on a best effort-basis.
Observation 10	For the case that phase-difference-of-arrival is used, then it is more natural to report the integer-difference ambiguity range.


Based on the discussion in the previous sections we propose the following:
Proposal 1	The question of measurement quality indication should have low priority.
Proposal 2	Do not introduce reporting of phase measurements at more than one frequency within the PFL.
Proposal 3	Do not support stand-alone carrier phase-based positioning.
Proposal 4	LMF should not forward DL RSCP measurements of a PRU to a Target UE since differentiation will not be applied to DL RSCP measurements.
Proposal 5	The following measurements and information from a PRU should not be forwarded by LMF to a target UE - RSTD, TimingQuality, - additional path information, - additional measurements.
Proposal 6	LMF should provide the PRU locationEstimate as assistance data to the target UE. LocationError can be optional.
Proposal 7	Angle-of-arrival or angle-of-departure at the PRU has low priority.
Proposal 8	The locationEstimate of stationary PRUs does not need to be provided with the same periodicity as DL RSCPD measurements of the PRU.
Proposal 9	It should be possible to provide a UE with updated correction factor with variable update rate. FFS: What update rates should be supported.
Proposal 10	If the DL RSCPD of a PRU has changed less than a predefined threshold or less than the DL RSCPD uncertainty, then the change does not need to be forwarded to the target UE.
Proposal 11	It should be possible for LMF to forward PRU measurements to the Target UE in batches.
Proposal 12	It should be possible for LMF to report carrier phase measurements from a non-physical PRU, similar to how it is possible to report for non-physical reference stations with GNSS-RTK.
Proposal 13	The “scheduled location time T” feature should be the baseline for enabling simultaneous measurements by different UEs in downlink and simultaneous transmissions by different UEs in uplink (and gNB measurements of those UL-signals).
Proposal 14	LMF indicate the PRS-resources that a UE should perform measurements on using the field nr-SelectedDL-PRS-IndexList-r16 in NR-DL-<XXXX>-ProvideAssistanceData-r16.
Proposal 15	To address the impact of the phase delays on Tx/Rx RF chains, enhance the  the definition of a “timing error group” so that it captures both timing and phase errors. (Option 2)
Proposal 16	Besides timing-error margin, additionally associate a phase-error margin to each Rx and Tx TEG.
Proposal 17	The question of integer ambiguity range reporting should be treated with low priority.
Proposal 18	Don’t support LMF providing an expected integer ambiguity range since (Option 4) since it can already be deduced from the RSTD resp. RTOA search window information standardized in Rel. 17.
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Phase as function of frequency and time-of-arrival
The carrier phase of the first path is a linear function of the carrier frequency, see for instance the measurement models presented by different companies [7][8][9][10][11] and more. Fundamentally, all the mentioned contributions present carrier phase measurement equations on the form
                                                                                                                     (1)
where  collects different parameters that does not depend on the frequency (initial phase offset, integer ambiguity, measurement noise, etc.). Notice that  include a clock-offset between the transmitter and the receiver. For the two frequencies  and  both inside the PFL, equation (1) gives that
                                                                                                                    (2)
where . This relation can be used (by LMF or the Target UE) to reconstruct the phase at any frequency  from , which enables the application of the virtual frequency method for integer ambiguity. The same principle can be used for phase-difference of arrival measurements: From (2) we obtain
                                                                                   (3)
where superscript is used for the reference TRP.
Simulations
We simulate the transmission of a reference signal in an AWGN channel and evaluate the phase estimation accuracy of a receiver. Although the evaluations are performed with an AWGN channel, the results apply to any situation where the first path of the channel impulse response can be singled out because then the linear equation (1) hold. We compare the following three different methods:
Method 1, Subcarrier measurement: There is a subcarrier with frequency  and  is the measured phase of that subcarrier. Requires additional reporting.
Method 2, Segment of bandwidth: The bandwidth of the reference signal is split into two equally large segments and  is the center frequency of the first segment. The phase estimate  is obtained from all the subcarrier-measurements of this segment. Requires additional reporting.
Method 3, phase as function of frequency and time-of-arrival: The phase of the center frequency  is reported and  is estimated from the full bandwidth of the reference signal. Equation (2) is used to obtain the phase estimate .
The simulation assumptions are summarized in Table 1. All methods are unbiased and their performances are evaluated from the empirical standard deviation over 1000 noise realizations, see Table 2. Method 3 performs best, then comes Method 2 and Method 1 is the worst. Additional figures and descriptions are presented in Appendix A.
[bookmark: _Ref131160728][bookmark: _Ref131160719]Table 1: Simulation assumptions
	Channel model
	Single path AWGN

	Deployment
	One transmitting cell and one receiving UE 100 meters apart.

	Carrier frequency / BW / SCS /duplex mode
	3.5 GHz / 20 MHz / 30 kHz /TDD

	Reference signal
	Equivalent to: DL PRS, comb-2, repetition factor 1

	SNR
	-3dB

	Number of TRP/UE receive antennas
	1 tx and 1 rx cross polarization, isotropic



[bookmark: _Ref131160752]Table 2: Phase estimation accuracy. The estimation accuracy is computed from 1000 noise realizations.
	Method 1
	

	Method 2
	

	Method 3
	



By correlating the received signal with the known reference signal waveform, the receiver estimates the channel at each subcarrier. The phase at each subcarrier is plotted in Figure 2 for one noise realization. Notice that an individual subcarrier measurement can be very noisy, hence we expect that Method 1 will be quite inaccurate. The frequency  and phase  are highlighted in the figure.
[image: ]
[bookmark: _Ref131160972]Figure 2: The phases of individual subcarriers.
With Method 2,  is estimated from the subcarrier measurements of the first half of the bandwidth, see Figure 2. More specifically, a linear function is fitted to the data points (wrapped to the interval  ) and  is obtained from that. 
[image: ]
Figure 3: The phase at  estimated from a segment of the bandwidth.
With Method 3,  is estimated from all the subcarrier measurements of the full reference signal bandwidth. A linear function parametrized in  is fitted to the data and  is obtained using eq (1).
[image: ]
Figure 4: Method 3, the phase at  estimated from , using eq. (1).
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