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Introduction
In RAN#90-e meeting, a new work item for NR positioning enhancements was approved [1], in which the motivation to support positioning enhancements to attain Rel-17 target positioning requirement was justified for both commercial and IIoT use cases.
The objectives of this new work item are to specify solutions to provide higher accuracy (horizontal and vertical), low latency, network efficiency (scalability, RS overhead, etc.), and device efficiency (power consumption, complexity, etc.), where the RAN1 centric objectives are listed as follows:
	[bookmark: _Hlk57059510]RAN1 centric objectives:
· Specify methods, measurements, signalling, and procedures for improving positioning accuracy of the Rel-16 NR positioning methods by mitigating UE Rx/Tx and/or gNB Rx/Tx timing errors, including [RAN1]
· DL, UL and DL+UL positioning methods
· UE-based and UE-assisted positioning solutions
· Specify the procedure, measurements, reporting, and signalling for improving the accuracy of [RAN1]
· UL AoA for network-based positioning solutions.
· DL-AoD for UE-based and network-based (including UE-assisted) positioning solutions.
Note: RAN1 will discuss the candidate solutions and provide updates for this objective, with status to be reviewed in RAN#91e.


In the RAN1#104-e meeting, issues such as definitions of the UE/gNB Rx/Tx timing errors and the Rx/Tx TEG, methods of mitigating UE/gNB Rx/Tx timing errors are intensively discussed. In this contribution, we continually discuss on the solutions to mitigate the UE/gNB Rx/Tx timing errors to enhance the positioning accuracy.
Discussion
2.1 Reference device
In RAN1#104-e meeting, methods to estimate/calibrate gNB/UE Rx/Tx timing errors based on the deployment of a reference device with known location coordinates were proposed and discussed. The agreement was recapped here.
	Agreement:
· Study specification impact for enabling a reference device with known location to support the following functionalities:
· Measure DL PRS and report associated measurements (e.g., RSTD, Rx-Tx time difference, RSRP) to the LMF;
· Transmit SRS and enable TRPs to measure and report measurements (e.g., RTOA, Rx-Tx time difference, AOA) associated with the reference device to the LMF;
· FFS: The details of the signalling, the measurements, the parameters related to the Rx and Tx timing errors, AoD and AOA enhancements and measurement calibrations;
· FFS: The report of device location coordinate information to the LMF if the LMF does not have the information
· FFS: The device with the known location being a UE and/or a gNB
· FFS: Precision to which location of reference device is known
· Note: RAN1 assumes using these enhancements for the purpose of network synchronization is NOT within the scope of the WI


In the above agreements, several issues are still left for further study, including whether the reference device to be a UE or a gNB or both, and the specification impact of enabling the reference device. 
Based on the discussion in the last meeting, it is clear that different timing-based positioning methods are sensitive to different timing errors, as shown in the following table.
	Positioning methods
	gNB Tx error
	gNB Rx error
	UE Tx error
	UE Rx error
	NW sync error*

	DL-TDOA
	Yes
	N/A
	N/A
	No (with same RX TEG)
	Yes

	UL-TDOA
	N/A
	Yes
	No (with same TX TEG)
	N/A
	Yes

	Multi-RTT
	Yes
	Yes
	Yes
	Yes
	No


It should be note that as agreed in the last meeting, the network synchronization is NOT within the scope of this WI, we only capture the factor from the comprehensive point of view. In the following, the method to enable a reference device with known location to estimate/calibrate timing errors on different timing-based positioning techniques are briefly discussed.
· DL-/UL-TDOA
Taking DL-TDOA positioning as an example, as shown in Figure 1, the RSTD of TRP1 and TRP2 measured at a UE can be written as:








where,  is the ideal RSTD,  and  are the Tx timing errors at TRP1 and TRP2, respectively, and  is the Rx timing error at the UE, and  is the NW synchronization error between TRP1 and TRP2. Since RSTD is the differential propagation delay, if the UE measures the DL PRS from two TRPs using the same Rx TEG, then the  can be naturally deleted. Similarly, for the UL-TDOA, the Tx timing error at the UE (that transmitted with the same Tx TEG) is subtracted from the measurement errors as well.
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Figure1: RSTD measured at the UE and the reference device
Hence, to enhance the positioning accuracy of the TDOA-based method, the Tx/Rx timing error difference of the TRPs (unified with the NW synchronization error) should be estimated and compensated.


Suppose that the distance between TRP1 and the reference device is , and between TRP2 and the reference device is , then the RSTD measured at the reference device can be written as:


Note that the geographical locations of TRPs and the reference device are known to the LMF, meaning that the distances and propagation delays between any two can exactly be calculated. Therefore, the Tx/Rx timing error differences can be estimated and compensated when calculating UE locations.
· Multi-RTT
Compared to the TDOA-based positioning, the multi-RTT suffers from both the UE and gNB Rx/Tx timing errors. To be specific, the RTT between TRP1 and the UE is obtained as:





where,   is the Tx and Rx timing errors at TRP1, and  is the Tx and Rx timing errors at the UE. Unlike the TDOA-based methods, for the multi-RTT, it is the  that is hard to estimate. One potential solution to estimate/calibrate the timing errors that matters is to using the differential multi-RTT, which is equivalent to TDOA-based positioning. To be specific, with the assumption that the UE Rx and Tx timing error is within the same Rx and Tx TEG, the gNB Rx and Tx timing error difference can be estimated using the reference device, and then be calibrated when calculation of UE locations.
Reference device as UE and/or gNB
per the agreement, one remaining issue is that whether the reference device being a UE and/or gNB, and companies shared diverse views on it during the discussion in the last meeting. In our views, both UE and gNB can be deployed as the reference device:
· UE as reference device: By deploying a UE with known location as the reference device helps to estimate/calibrate the timing errors with minimum specification impact. The DL PRS configuration, measurement and reporting can reuse the current mechanism as much as possible. On the other hand, the reference UE can be deployed in a flexible manner, the location and number of the reference UE is up to practical scenarios.
· gNB as reference device: In the last meeting, some companies provided concerns on supporting gNB as reference device, including that the potential specification impact would be large, the antenna panel of the gNB is downtilted so that the measurement between gNBs may not be effective, etc. 
In our view, one major advantage of enabling gNB as the reference device is that the deployment of gNBs will be optimized and the precision of the location coordinates can be easily guaranteed. Besides, the channel between gNBs are more likely to be LOS and quite ideal, thus the estimation/calibrate performance would be ensured. 
Regarding the potential specification impact, in the current specification, the DL PRS can be configured on semi-persistent DL and Flexible symbols. By configuring the DL PRS on overlapped flexible symbols among different gNBs, and put some gNBs in transmitting mode and others on listening mode, the measurement between gNBs can be achieved. For the measurement behavior of gNBs, in order to minimize the spec impact, it can be left to gNB implementation. 
In addition, regarding the downtilted antenna panel, there would be some potential issues; however, we believe that it may not have fatal impact on timing-based measurements. On the other hand, it also depends on the deployment scenarios, if we consider use cases such as automatic assembly, the to-be-positioned objects are large robotic arms, in such a case, the downtilting of the antenna panel may not be too severe to impact the measurement between gNBs.
Proposal 1: Support the reference device with the known location being a UE.
Proposal 2: Support the reference device with the known location being a gNB.
Specification impact
In the following, we briefly analyze the potential specification impact by enabling the reference device, mostly related to the assistance data delivery and location information reporting.
· Report location information to the LMF: Since the reference devices are deployed by operators, the identity of the reference device along with its location coordination information could be already known to the LMF, and therefore no spec impact is required. Consider the case that the LMF does not have the information, the reference device can report its identity and the location information by the UE capability reporting message.
· Reference device uses UE-based positioning: In such a case, the reference device calculates the location and estimate the timing errors by itself, signaling enhancements to allow the UE-based reference device to report the estimated timing errors should be supported.
· Positioning UE uses UE-based positioning: Since the positioning UE computes its location by itself, additional information with respect to the timing errors should be known. Hence, signaling enhancements to allow the LMF to deliver the timing errors to UEs adopting UE-based positioning should be supported.
Proposal 3: Support the reference device to report its identity and the location information via capability transfer signalling.
Proposal 4: Support signalling enhancements to allow the reference device using UE-based positioning to report the estimated timing errors.
Proposal 5: Support signalling enhancements to allow the LMF to deliver the timing errors to UEs using UE-based positioning.
2.2 Mitigation of gNB/UE Rx/Tx timing errors in DL, UL, DL+UL positioning
In the last meeting, a series of options to mitigate UE/gNB Rx/Tx timing errors in DL, UL, DL+UL positioning, by providing association information with Rx/Tx TEGs or timing errors per Rx/Tx TEG were concluded:
	Conclusion:
Study the following options for mitigating TRP Tx timing errors and/or UE Rx timing errors for DL TDOA:
· Option 1: 
· Support a TRP to provide the association information of DL PRS resources with Tx TEGs to LMF
· Option 2: 
· Support LMF to provide the association information of DL PRS resources with Tx TEGs to UE for UE-based positioning
· Option 3: 
· Support a TRP to provide the Tx timing errors per Tx TEG to LMF
· Option 4: 
· Support LMF to provide the Tx timing errors per Tx TEG of TRP to a UE for UE-based positioning 
· Option 5: 
· Support a UE to provide the association information of RSTD measurements with UE Rx TEG(s) to LMF when the UE reports the RSTD measurements to LMF
· Option 6: 
· Support LMF to provide Rx timing errors per Rx TEG to a UE for UE-based positioning
· Option 7:
· Support a UE to provide Rx timing errors per Rx TEG to LMF for UE-assisted positioning
· Option 8: 
· Support a TRP to provide the Tx timing error differences between Tx TEGs of the TRP to LMF 
· Option 9: 
· Support LMF to provide the Tx timing error differences between Tx TEGs of a TRP to a UE for UE-based positioning
· Option10:
· Support a UE to provide Rx timing error differences between Rx TEGs to LMF for UE-assisted positioning
· FFS: details of the signalling, procedures, and UE capability
· FFS: How the TEGs are determined by the UE or TRP (could be by implementation, i.e., no specification impact)
· Note: Other options are not precluded.
· Note: Depending on the discussion results, none/one/multiple of the above options may be adopted in Rel-17.
Conclusion:
Study the following option(s) for mitigating UE Tx and TRP Rx timing errors for UL TDOA:
· Option 1: 
· Support a TRP to provide the association information of RTOA measurements with Rx TEGs to LMF when the TRP reports the RTOA measurements
· Option 2: 
· Support a UE to provide the association information of SRS resources for positioning with UE Tx TEG(s) to LMF for UL TDOA positioning.
· Option 3: 
· Support a UE to provide Tx timing errors per Tx TEG to LMF for UL TDOA positioning.
· Option 4: 
· Support a UE to provide Tx timing error differences between Tx TEGs to LMF for UL TDOA positioning.
· FFS: the details of the signalling, procedures, and UE capability
· FFS: How the TEGs are determined by the UE or TRP (could be by implementation, i.e., no specification impact)
· Note: Other options are not precluded.
· Note: Depending on the discussion results, none/one/multiple of the above options may be adopted in Rel-17.
Conclusion:
Study the following options for mitigating UE Rx/Tx timing errors in DL+UL positioning: 
· Option 1:
· Support UE to provide the association information of UE Rx-Tx time difference measurements with UE Rx TEGs in the measurement report to LMF
· Option 2:
· Support UE to provide the association information of UE Rx-Tx time difference measurements with UE Tx TEGs in the measurement report to LMF
· Option 3:
· Combination of Option 1 and Option 2;
· Option 4:
· Support UE to provide the association information of UE Rx-Tx time difference measurements with UE RxTx TEGs in a measurement report to LMF for multi-RTT positioning
· FFS: the definition of UE RxTxTEG. It includes both UE Rx timing and Tx timing errors.
· Option 5:
· Support UE to provide the association information of DL-RSTD measurements with UE RxTx TEGs in a measurement report to LMF for simultaneous DL-TDOA and UL-TDOA configuration for positioning
· Option 6: 
· Support UE to provide the timing errors per Rx/Tx TEG, or the timing error differences between the Tx/Rx TEGs to LMF
· Option 7: 
· Support UE to provide the timing errors per RxTx TEG, or the Tx timing error differences between the RxTx TEGs to LMF
· FFS: the details of signaling, procedures and UE capability
· FFS: How the TEGs are determined by the UE or TRP (could be by implementation, i.e., no specification impact)
· Note: Other options are not precluded.
· Note: Depending on the discussion results, none/one/multiple of the above options may be adopted in Rel-17.
Conclusion:
Study the following options for mitigating gNB Rx/Tx timing errors in DL+UL positioning: 
· Option 1:
· Support TRP to provide the association information of gNB Rx-Tx time difference measurements with TRP Rx TEGs in the measurement report to LMF
· Option 2:
· Support TRP to provide the association information of gNB Rx-Tx time difference measurements with TRP Tx TEGs in the measurement report to LMF
· Option 3:
· Combination of Option 1 and Option 2;
· Option 4:
· Support TRP to provide the association information of gNB Rx-Tx time difference measurements with TRP RxTx TEGs in a measurement report to LMF for multi-RTT positioning
· Option 5: 
· Support TRP to provide the timing errors per Rx/Tx TEG, or the timing error differences between the Tx/Rx TEGs to LMF
· Option 6: 
· Support TRP to provide the timing errors per RxTx TEG, or the Tx timing error differences between the RxTx TEGs to LMF
· FFS: the details of signalling and procedures
· FFS: How the TEGs are determined by the UE or TRP (could be by implementation, i.e., no specification impact)
· Note: Other options are not precluded.
· Note: Depending on the discussion results, none/one/multiple of the above options may be adopted in Rel-17.


In the following, we provide our views on these options for DL, UL, and DL+UL positioning. 
· DL positioning
As discussed in Section 2.1, the assumption that the DL positioning is robust against the UE Rx timing errors is that the UE measures the RSTD from DL PRS of two different TRPs with the same Rx TEG; thus, allowing a UE to provide the association information of RSTD measurements with UE Rx TEG(s) to LMF should be supported. In the last meeting, some companies argued that there is no benefit of reporting such information to the LMF since if a RSTD measurement is reported with the indication that it is not measured with the same Rx TEG, the LMF can do nothing about it. However, we believe that some potential benefit would be obtained in the example shown by the following figure.
[image: ]
Figure 2: Illustration of UE reporting RSTD measurements associated with Rx TEGs
Suppose that a UE with two panels, to be simplified, one panel as one Rx TEG. TRPs #1~3 are visible to panel 1, and TRPs #4~6 are visible to panel 2. In R16, the definition of RSTD is the timing difference between a neighbouring TRP and the reference TRP. Suppose that TRP 1 here is the reference TRP, then the UE would report 5 RSTD measurements, where RSTD1,2, RSTD1,3 are with the same Rx TEG (e.g., Rx TEG index 1), and RSTD1,4, RSTD1,5, RSTD1,6 are with different Rx TEG (e.g., Rx TEG index 1 and Rx TEG index 2). With the associated Rx TEG information, the LMF can further using RSTD1,4, RSTD1,5, RSTD1,6 to obtain measurements RSTD4,5, RSTD4,6, RSTD5,6, and therefore obtain the valid measurements for positioning.
On the other hand, to support the reference device to estimate the timing errors as discussed in Section 2.1, if the reference device uses the UE-based positioning, the estimated information is the timing error differences of TEGs between different TRPs. Hence, it is proposed to support a reference device using UE-based positioning to provide the Tx timing error differences between Tx TEGs of different TRPs to the LMF.
In addition, an agreement to support the UE and TRP to report one or more measurement instances with its own time stamp in a single report was reached in the last meeting:
	Agreement:
Support enabling
· A UE to report one or more measurement instances (of RSTD, DL RSRP, and/or UE Rx-Tx time difference measurements) in a single measurement report to LMF for UE-assisted positioning, and 
· A TRP to report one or more measurement instances (of RTOA, UL RSRP, and/or gNB Rx-Tx time difference measurements) in a single measurement report to LMF, and
· Each measurement instance is reported with its own timestamp
· FFS: The measurement instances are within a [configured] measurement time window
· FFS: Each UE measurement instance can be configured with N instances of the DL-PRS Resource Set
· FFS: N (including N=1)
· FFS: Each TRP measurement instance can be configured with M SRS measurement time occasions
· FFS: M (including M=1)
· FFS: details of signalling, procedures, and UE capability if any
· FFS: whether and how to consider the additional enhancement related to measurement reporting of multi-paths and quality metric
· Note 1: A measurement instance refers to one or more measurements, which can either be the same or different types, which are obtained from the same DL PRS resource(s), or the same UL SRS resource(s).
· Note 2: This enhancement has no intention to change the mapping of measurement types to Rel-16 positioning techniques and no intention to introduce new positioning techniques either.


The intention of this agreement was to track the potential timing drift of the timing error, and to better combine measurements from the UE side and the TRP side. The thing that matters is how the [configured] measurement window (i.e., a measurement instance consists of N/M instances of PRS/SRS resource set) is configured. In our view, to allow the LMF properly configure the measurement window, the TRP and UE should report the association information with Tx/Rx TEG or the timing errors per Tx/Rx TEG (if available).
Based on the above discussion, we propose that:
Proposal 6: Support the following options for mitigating TRP Tx timing errors and/or UE Rx timing errors for DL TDOA:
· Option 1: Support a TRP to provide the association information of DL PRS resources with Tx TEGs to LMF
· Option 3 (if available): Support a TRP to provide the Tx timing errors per Tx TEG to LMF
· [bookmark: _Hlk67661277]Option 5: Support a UE to provide the association information of RSTD measurements with UE Rx TEG(s) to LMF when the UE reports the RSTD measurements to LMF
· Option 11: Support a reference device using UE-based positioning to provide the Tx timing error differences between Tx TEGs of different TRPs to the LMF
· UL positioning
Similar as the discussion for DL positioning, it should support a UE to provide the association information of SRS resources for positioning with UE Tx TEG(s) or Tx timing errors (if available) to LMF for UL TDOA positioning, to facilitate the LMF to calculate valid RSTD for UL positioning, and to assist the LMF to configure propose measurement window that consists of M instances of SRS resource set. In addition, to better combine the UL measurements from TRP side and DL measurements from UE side, we should support a TRP to provide the association information of RTOA measurements with Rx TEGs to LMF when the TRP reports the RTOA measurements.
Proposal 7: Support the following options for mitigating UE Tx and TRP Rx timing errors for UL TDOA:
· [bookmark: _Hlk67665453]Option 1: Support a TRP to provide the association information of RTOA measurements with Rx TEGs to LMF when the TRP reports the RTOA measurements
· [bookmark: _Hlk67665260]Option 2: Support a UE to provide the association information of SRS resources for positioning with UE Tx TEG(s) to LMF for UL TDOA positioning.
· Option 3 (if available): Support a UE to provide Tx timing errors per Tx TEG to LMF for UL TDOA positioning
· DL+UL positioning
To enable the differential multi-RTT, from the UE side, a UE to provide the association information of UE Rx-Tx time difference measurements with UE Rx TEGs and UE Tx TEGs in the measurement report to LMF should be supported; from the TRP side, a TRP to provide the association information of gNB Rx-Tx time difference measurements with TRP Rx TEGs and TRP Tx TEGs in the measurement report to LMF should be supported. 
In addition, as discussed in DL positioning, to support the reference device to estimate the timing errors for differential multi-RTT, if the reference device uses the UE-based positioning, the estimated information is the timing error differences of TEGs between different TRPs. Hence, it is proposed to support a reference device using UE-based positioning to provide the Tx and RX timing error differences of Tx and Rx TEGs between different TRPs to the LMF.
Proposal 8: Support the following options for mitigating UE Rx/Tx timing errors in DL+UL positioning:
· Option 3: Combination of Option 1 and Option 2
· Option 8: Support a reference device using UE-based positioning to provide the Tx and Rx timing error differences of Tx and Rx TEGs between different TRPs to the LMF
Proposal 9: Support the following options for mitigating gNB Rx/Tx timing errors in DL+UL positioning:
· Option 3: Combination of Option 1 and Option 2
· Option 8: Support a reference device using UE-based positioning to provide the Tx and Rx timing error differences of Tx and Rx TEGs between different TRPs to the LMF
[bookmark: _Ref31533076]Conclusions
In this contribution, we discuss solutions to mitigate the gNB/UE timing errors, and the following proposals are provided:
Proposal 1: Support the reference device with the known location being a UE.
Proposal 2: Support the reference device with the known location being a gNB.
Proposal 3: Support the reference device to report its identity and the location information via capability transfer signalling.
Proposal 4: Support signalling enhancements to allow the reference device using UE-based positioning to report the estimated timing errors.
Proposal 5: Support signalling enhancements to allow the LMF to deliver the timing errors to UEs using UE-based positioning.
Proposal 6: Support the following options for mitigating TRP Tx timing errors and/or UE Rx timing errors for DL TDOA:
· Option 1: Support a TRP to provide the association information of DL PRS resources with Tx TEGs to LMF
· Option 3 (if available): Support a TRP to provide the Tx timing errors per Tx TEG to LMF
· Option 5: Support a UE to provide the association information of RSTD measurements with UE Rx TEG(s) to LMF when the UE reports the RSTD measurements to LMF
· Option 11: Support a reference device using UE-based positioning to provide the Tx timing error differences between Tx TEGs of different TRPs to the LMF
Proposal 7: Support the following options for mitigating UE Tx and TRP Rx timing errors for UL TDOA:
· Option 1: Support a TRP to provide the association information of RTOA measurements with Rx TEGs to LMF when the TRP reports the RTOA measurements
· Option 2: Support a UE to provide the association information of SRS resources for positioning with UE Tx TEG(s) to LMF for UL TDOA positioning.
· Option 3 (if available): Support a UE to provide Tx timing errors per Tx TEG to LMF for UL TDOA positioning
Proposal 8: Support the following options for mitigating UE Rx/Tx timing errors in DL+UL positioning:
· Option 3: Combination of Option 1 and Option 2
· Option 8: Support a reference device using UE-based positioning to provide the Tx and Rx timing error differences of Tx and Rx TEGs between different TRPs to the LMF
Proposal 9: Support the following options for mitigating gNB Rx/Tx timing errors in DL+UL positioning:
· Option 3: Combination of Option 1 and Option 2
· Option 8: Support a reference device using UE-based positioning to provide the Tx and Rx timing error differences of Tx and Rx TEGs between different TRPs to the LMF
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