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Introduction
RAN#91 approved the positioning enhancement WI update [1] with the following objective.
	· 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 delays, including [RAN1, RAN2, RAN3, RAN4]
· DL, UL and DL+UL positioning methods
· UE-based and UE-assisted positioning solutions



In this paper, we discuss the potential enhancements on methods to mitigate UE/gNB Rx/Tx timing errors.

Generic TEG definition and assumption
In RAN1#104-e [5], the definition of Tx/Rx timing error was agreed. One the remaining issue is about the phase centre offset mentioned in [2].
Firstly, we understand the phase centre offset is only observed in the UE as mentioned in [2], which should not be extended to gNB.
Secondly, the phase centre offset seems to affect the ground truth UE location, which is the whole objective of UE positioning. However, if UE location is different for different steering angle, it does not make much sense to locate the “floating” UE. Unless the ground true UE location can be labelled with some reference position, e.g. physical ARP, and the relative phase centre drift from the reference positioning is reported by the UE, modelling this phase centre does not help locating the UE at all. Whether different ARP will result in different TEG is not clear.
Thirdly, it is not clear whether this phase centre offset is beam-specific or also direction specific. By saying beam-specific, it means that different UE beam coefficients result in different phase centre offsets, and by saying direction specific, it means that different measurement directions result in different phase centre offsets. If it is direction specific, the UE location may be different for different gNBs, which seems break the fundamental of radio-based positioning. Otherwise, it can be generalized into UE side Rx/Tx TEG.
Given the above reasons, we suggest to deprioritize particular enhancement towards the phase centre offset under the general enhancements with respect to TEG.
Proposal 1: The enhancement to mitigate UE/TRP Rx/Tx timing error should deprioritize particular enhancements towards the UE phase centre offset on different beams, which also creates ARP drift.

UL-TDOA TEG
The following conclusions were made in the previous RAN1#104-e meeting [5] with regards to the UL-TDOA positioning method.
	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.


Principles
For the UL-TDOA positioning, the measurement results at different TRP incorporate the UE Tx timing error and the TRP Rx timing error. 
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[bookmark: _Ref67746582]Figure 1 UL-TDOA TOA Measurement Illustration with same Tx TEG
Figure 1 illustrates baseline TDOA methods, where different TRPs have their own RF chains, and the calibration error among different TRPs is different. In this case, by the TDOA method, the same Tx timing error can be canceled out whereas the Rx timing error still degrades the positioning accuracy. The inter-TRP Rx TEG can be further cancelled via double difference, e.g. using a reference device with a known location.
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[bookmark: _Ref67746593]Figure 2 UL-TDOA TOA Measurement Illustration with different Tx TEG
Figure 2 illustrates the case of UL TOA measurement with different intra-UE Tx TEG and different intra-TRP Rx TEG, which covers the most complicated use case for UL-TDOA methods.
TRP 1 receives the SRS from UE panel 1 with two TRP panels, resulting in TOA11 and TOA12
TRP 2 receives the SRS from UE panel 2 with two TRP panels, resulting in TOA21 and TOA22
TRP 3 receives the SRS from UE panel 1 and panel 2 with two TRP panels simultaneously, resulting in TOA31, TOA32, TOA33, and TOA34.

Based on Figure 2, we can have the following observations
Intra-TRP Rx timing error can be estimated if both Rx panels can receive the SRS from the same UE panel (basically the same SRS resource).
0. Via TOA12-TOA11, or TOA22-TOA 21, or TOA32-TOA31 (=TOA34-TOA33)
Intra-UE Tx timing error can be estimated if the same Rx panel can receive the SRS from different UE panels (basically different SRS resources (resource sets)).
0. Via TOA33-TOA31 (=TOA34-TOA32)
Inter-TRP Rx timing error can be cancelled via double difference, e.g. using a reference device with a known location, similar to the situation shown in Figure 1, and a single reference TEG can be used for calibrating inter-TRP timing error
0. Via (TOA31-TOA11)-(P3-P1) if Rx TEG 31 and Rx TEG 11 are selected as the “reference TEG” for inter TRP Rx timing error cancellation.

Analysis on the options
Getting back the four options in the conclusion:
For 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
0. This case is only valid when a TRP has multiple Rx TEGs, and a TRP does not compensate the intra-TRP Rx timing error in the UL RTOA measurement. The TRP is not manifesting a single Rx TEG externally to the LMF.
0. The typical case should be a single TRP supporting multiple CCs, where the RF chains of each CC is not calibrated.
0. Multiple panel deployed in a single frequency should not be the case.
For 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.
0. This case is valid when a UE has multiple Tx TEGs, and a UE does not compensate the intra-UE Tx timing error in the SRS transmission.
0. We think this can be typical for SRS transmission on non-coherent ports (including multiple panels).
For Option 3: Support a UE to provide Tx timing errors per Tx TEG to LMF for UL TDOA positioning.
0. We do not see the motivation of such an option, where UE already knows the exact timing error, and UE is not willing to compensate SRS transmission.
For Option 4: Support a UE to provide Tx timing error differences between Tx TEGs to LMF for UL TDOA positioning.
0. We also do not see the motivation of such an option, which is quite similar to Option 3.

Other options
We think the following modified options should also be considered
Option 2b (modification to Option 2)
0. Support a UE to provide the association information of SRS resources/ports used for positioning with UE Tx TEG(s) to LMF for UL TDOA positioning.
Option 2c (supporting procedure of Option 2/2b)
0. Support a TRP to provide the association information of RTOA measurements with SRS resources/SRS ports to LMF when the TRP reports the RTOA measurements
Option 4b
0. Support a UE to provide the statistics (variance, bound, etc.) of the Tx timing error differences between Tx TEGs to LMF for UL TDOA positioning.
For Option 2b, the reason to extend Option 2 to Option 2b, i.e. by adding intra-SRS resource port-specific Tx TEG can be found in section 6 of the paper. 
For Option 2c, it should be natural to let LMF know which UE Tx TEG is associated with the UL RTOA measurement.
For Option 4b, the motivation is that although from UE perspective, the TEG error or the TEG error difference (at a given time instance or for a long term) is not known, but the UE manufacture can somehow declare the statistics on the TEG error different range. We think this can also be used to help LMF locating the UE, if such information is available. The detailed analysis can be found in section 3.4.

Algorithm to Estimate the Tx Timing Error and UE Location
In this evaluation, we will show the evaluation for UE reporting Tx TEG information to the LMF for a given UE assumption according to [3], i.e. two collocated panel back-to-back. In addition, the inter-panel timing difference following normal distribution is added with variance denoted by .
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Figure 3 Multi-panel UE positioning

Denote
 as the number of TRPs
 as the UL RTOA measurement for TRP  from the SRS transmitted from Tx TEG  with  and 
0. We assume that for one TRP, SRS from only a single TEG can be measured
0. Without loss of generality, we assume that TRPs  are associated with TEG 0 and TRPs  are associated with TEG 1.
 as the 2-D location of TRP 
 as the variance of the UL RTOA measurement error
0. Without loss of generality, we assume that , i.e. TRP #0 has the most accurate TOA measurement, which qualifies the reference TRP for UL TDOA.
For a given UE location , the ideal TOA and TDOA should be 
	
	

	(1)


The TEG error between panel 1 and panel 0, denoted by , can be selected to minimize the remaining error for panel 1 after compensation.
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Where  is a -by- all-one matrix.
With (2)  can be easily calculated via
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A simplified model to calculate  can be adopted by assuming  without modeling the TOA quality and the Equation (3) is reduced to the average of the remaining errors belonging to panel 1.
	
	
	(4)


The UE location calculation can be written as the following optimization
	
	
	(5)


Where
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Evaluation
The standard deviation of the UE Tx inter-panel timing difference are selected as below.
	Cases
	Case 1
	Case 2
	Case 3
	Case 4

	Inter-panel timing error STD
	1ns
	5ns
	10ns
	50ns

	Note: The timing error are modeled as truncated Gaussian random variables with above listed standard deviation. 



Three algorithms are compared.
	Algorithms
	Algorithm 1 (no TEG information): LMF ignores the Tx TEGs, i.e. treats the UL RTOA from the same TEG (Rel-16 BL).
· Note: This is based on Rel-16 baseline methods without TEG information reporting but with timing error present.
Algorithm 2 (Intra-TEG TDOA): LMF treats the Tx TEGs separately, and groups the UL RTOA measurements based on its Tx TEG. The UL TDOA positioning is performed on a per TEG basis, while the results from two TEGs can be combined.
· Note: This is based on Option 2 + Option 2c with UE TEG reporting and gNB measurement SRS resource reporting.
Algorithm 3 (TEG statistics): Based on Equation (6), by estimating the Tx TEG error difference and compare against its a priori distribution in the cost function.
· Note: This is based on Option 2c + Option 4b with TEG error statistic reporting and gNB measurement SRS resource reporting



The positioning accuracy is listed in the following Table 1.
[bookmark: _Ref67996087]Table 1 Evaluation results for UL-TDOA with TEG information reporting enhancements
	Case
	Algorithm
	50%
	67%
	80%
	90%
	95%

	Case 1 (1ns TEG error)
	Ideal calibration (No Tx timing error)
	0.004
	0.006
	0.011
	0.026
	0.052

	
	Algorithm 1 with Tx timing error (without TEG reporting)
	0.621
	1.159
	2.018
	3.465
	5.438

	
	Algorithm 2 with Tx timing error (with TEG reporting)
	0.063
	0.011
	0.021
	0.042
	0.126

	
	Algorithm 3 with Tx timing error (with TEG statistics reporting)
	0.004
	0.010
	0.019
	0.039
	0.092

	Case 2 (5ns TEG error)
	Ideal calibration (No Tx timing error)
	0.004
	0.006
	0.011
	0.026
	0.052

	
	Algorithm 1 with Tx timing error (without TEG reporting)
	1.274
	1.957
	2.899
	4.764
	7.296

	
	Algorithm 2 with Tx timing error (with TEG reporting)
	0.006
	0.101
	0.018
	0.044
	0.121

	
	Algorithm 3 with Tx timing error (with TEG statistics reporting)
	0.006
	0.010
	0.017
	0.034
	0.071

	Case 3 (10ns TEG error)
	Ideal calibration (No Tx timing error)
	0.004
	0.006
	0.011
	0.026
	0.052

	
	Algorithm 1 with Tx timing error (without TEG reporting)
	2.411
	3.569
	5.305
	8.509
	12.501

	
	Algorithm 2 with Tx timing error (with TEG reporting)
	0.006
	0.011
	0.202
	0.047
	0.123

	
	Algorithm 3 with Tx timing error (with TEG statistics reporting)
	0.006
	0.010
	0.019
	0.038
	0.081

	Case 4 (50ns TEG error)
	Ideal calibration (No Tx timing error)
	0.004
	0.006
	0.011
	0.026
	0.052

	
	Algorithm 1 with Tx timing error (without TEG reporting)
	10.548
	15.439
	21.325
	28.955
	35.807

	
	Algorithm 2 with Tx timing error (with TEG reporting)
	0.007
	0.012
	0.022
	0.065
	0.565

	
	Algorithm 3 with Tx timing error (with TEG statistics reporting)
	0.007
	0.011
	0.019
	0.039
	0.096

	Note 1: The ideal case indicates that the timing error is perfectly known a priori and calibrated perfectly during the positioning procedure.
Note 2: The simulation is based on the scenario of InF-SH UL-TDOA in FR2 with 400MHz bandwidth under ideal LOS/NLOS identification.



The CDF curves under different cases are shown in Figure 4.
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	Case 1: Inter-Panel timing error with STD 1ns
	Case 2: Inter-Panel timing error with STD 5ns
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	Case 3: Inter-Panel timing error with STD 10ns
	Case 4: Inter-Panel timing error with STD 50ns


[bookmark: _Ref67997382]Figure 4 CDF curves for different inter-panel timing error values

Based on the evaluation, we have the following observation.
Observation 1: Reporting the UE Tx TEG information with association to the RTOA measurements can effectively mitigate Tx timing error and improve the positioning accuracy, and reporting the timing error statistics can further improve the positioning accuracy.

Summary
In summary, we have the following proposal.
Proposal 2: Support the following Options for UL-TDOA
Option 1: 
0. Support a TRP to provide the association information of RTOA measurements with Rx TEGs to LMF when the TRP reports the RTOA measurements.
0. This should target TRPs deployed across multiple CCs.
Option 2b (updated from Option 2):
0. Support a UE to provide the association information of SRS resources/ports used for positioning with UE Tx TEG(s) to LMF for UL TDOA positioning.
Option 2c: 
0. Support a TRP to provide the association information of RTOA measurements with SRS resources/SRS ports to LMF when the TRP reports the RTOA measurements.
Option 4b (updated from Option 4): 
0. Support a UE to provide the statistics (variance, bound, etc.) of the Tx timing error differences between Tx TEGs to LMF for UL TDOA positioning.

DL-TDOA TEG
The following conclusions were made in previous RAN1#104-e meeting [5] with regards to the DL-TDOA positioning method.
	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
· Option7:
· 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.



Following the logic from section 3, Option 3, Option 7, Option 8, and Option 10 should be removed. The commonality among those options is that a node is reporting its own error (difference) to another node, without compensating based on the error (difference), which lacks motivation.
Option 1 can be supported only if the PRS resources are from different positioning frequency layers, assuming they may be from different CCs, similar to the rationale of Option 1 in UL-TDOA.
Option 2 does not show clear benefit. For example, if UE receives the multiple PRS resources from one TRP and LMF is indicating that they come from different TEGs without providing the actual timing error, there is no way that UE can use that information for UE based positioning.
Option 4 and Option 9 address the detailed Tx timing error provision for UE-based positioning, we think Option 9 is more feasible than Option 4. However, the current specification already allows frequency layer specific RTD for UE-based positioning, and in our view Option 9 is already supported to some extent. Regarding whether resource-specific RTD, a finer granularity within a positioning frequency layer, we do not see such need for indoor TRPs.
Option 5 can be supported similar to SRS Tx TEG reporting for UL TDOA.
Option 6 does not shown any feasibility. It is hard for the LMF to obtain the UE Rx timing error, and even further provide it to the UE.
In summary, we have the following proposals.
Proposal 3: Support the following Options for DL-TDOA
Option 1: 
0. Support a TRP to provide the association information of DL PRS resources with Tx TEGs to LMF
0. This should target TRPs deployed across multiple CCs
Option 5:
0. 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
Note: Option 9 is already supported in the current LPP, with different positioning frequency layers from a TRP having its own RTD.

DL+UL TEG
The following conclusions were made in previous RAN1#104-e meeting [5] with regards to the DL+UL positioning method.
	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.




One of the controversial issues regarding DL+UL (including DL-TDOA+UL-TDOA and Multi-RTT) is whether to introduce UE/TRP RxTx TEG.
The manufacture of the UE or the TRP can perform internal round-trip calibration to maintain that the Rx1+Tx1 and Rx2+Tx2 have the same group delay error, making it the same TEG, although from Tx and Rx chains, Rx1 and Rx2 are not the same Rx TEG and Tx1 and Tx2 are not the same Tx TEG.
However, normally if there is only single RxTx TEG (with calibration), there is no such need to report the TEG info anyway. The need can be driven by allowing in the specification the report of multiple RxTx TEGs for the cases when such calibration is not available for some UEs.
To make both DL-TDOA+UL-TDOA and Multi-RTT positioning with RxTx TEG reporting work, at least the following condition should be met.
The SRS transmission associated with a UE Tx TEG should be received by the TRP that transmits the PRS that is received by the UE Rx TEG paired with the UE Tx TEG in the same UE RxTx TEG. 
· Or in other words, the SRS transmission associated with a UE Tx TEG should not be received by the TRP that transmits the PRS that is received by the UE Rx TEG not paired with the UE Tx TEG in the same UE RxTx TEG, as illustrated in Figure 4.
Likewise the TRP Rx TEG that receives the SRS transmission should be paired with the TRP Tx TEG that transmits the PRS.
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[bookmark: _Ref67746908]Figure 4 Measurement restriction with introduction of the RxTx TEG
For TRP RxTx TEG, like discussed before, we assume this should only cover the TRP deployed across CCs, which means that within a CC/PRS frequency layer, only single TRP RxTx TEG is assumed.
We have the following proposal regarding UE/TRP RxTx TEG.
Proposal 4: Support UE RxTx TEG information for UE Rx – Tx time difference measurement.
The SRS transmission associated with a UE Tx TEG should be received by the TRP that transmits the PRS that is received by the UE Rx TEG paired with the UE Rx TEG in the same UE RxTx TEG.
Proposal 5: Support TRP RxTx TEG information for gNB Rx – Tx time difference measurement when SRS are received from multiple CCs.

TEG support for MIMO SRS
In addition to the positioning SRS, MIMO SRS can be used for the positioning purpose to obtain the uplink measurements. The benefit of MIMO SRS is on the radio resource utilization and inter-UE multiplexing.
Compared to positioning SRS, which is single port reference signal, the MIMO SRS could be configured with multi-ports, i.e., each MIMO SRS resource could be transmitted with different antenna ports if configured. Typically, different antenna ports are mapped to different set of physical antenna elements. Positioning can benefit from such transmission scheme so that UE will use all the Rx chains to transmit the SRS, and the surrounding TRPs can receive at least an SRS port. In FR1, each antenna element has independent RF chain, which means a multi-port MIMO SRS resource could be transmitted with different RF chains leading to different Tx timing errors. 
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Figure 6 TOA Measurement Based on two-port MIMO SRS

In order to mitigate the effects of different Tx timing errors incurred by multi-port MIMO SRS resource, the UE can report the port specific TEG information to the LMF such that 1) the LMF can classify the uplink measurement results based on the different Tx TEGs; 2) the LMF could estimate and further calibrate the port-specific timing error during the location determination procedure. In addition, the operation that network requests UE to report the port specific TEG information could be viewed as an explicit information that the UE’s MIMO SRS resources would be used for the positioning purpose. Hence, UE would adjust the transmission of the MIMO SRS resources to better suit the position purpose, which could improve the positioning accuracy.
Proposal 6: Extend the UE Tx TEG to be port specific, and extend the gNB measurement indication associated with SRS port.

Single report containing multiple measurements occasions
In RAN#104-e [5], the following agreement regarding reporting enhancement was made.
	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 initial motivation of reporting multiple instances is to reduce the impact from UE Tx timing jittering, due to e.g. TA. The jittering will impact the filtering at gNB side, since different filtering algorithm at gNB side will result in different UL TDOA measurement and/or RTT measurement. Of course the enhancements can be further enhanced to support DL measurement.
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Figure 6 Illustration of Tx jittering and the impact on the TOA measurement

For the configured measurement window in the FFS, it is not clear why this window is needed. The measurement is carried out throughout the entire measurement process starting from the measurement request and measurement response.
Observation 2: Specifying a measurement time window configuration lacks justification.
For the relation between the measurement instance and the RS instances (PRS/SRS), one general principle should be that the measurement instances in the reporting should be scattering as much as possible, as shown in Figure 7.
[image: ]
[bookmark: _Ref67749434]Figure 7 Illustration of scattering measurement instances and RS instances
This is because of localized measurement instance, the reported measurement is highly correlated, and this “dense” reporting can be replaced by the local averaging, e.g. averaging measurement instance 1 and 2 to merge into a single measurement instance in Figure 8.
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[bookmark: _Ref67749424]Figure 8 Illustration of localized measurement instances and RS instances
For PRS measurement, the grouping of RS instances and measurement instances may be a little bit complicated, due to the following reasons.
PRS measurement may consist of multiple positioning frequency layers
PRS measurement may share the measurement gap with RRM measurements
In Rel-16, a single PRS measurement time requires 4 samples. For the PRS measurement, RAN4 did not define how those 4 samples are scattered in time, and leave it up to UE implementation, as UE needs to handle up to 4 frequency layers and coordinate the measurement process with RRM (SSB/CSI-RS), as mentioned above. For simplicity, we prefer to only prioritize the measurement reporting enhancements to the following conditions.
· Condition 1: Single positioning frequency layer
· Condition 2: CSSF = 1
For SRS, since there is no requirement defined by RAN4, and is up to network implementation.
Observation 3: Single positioning frequency layer and CSSF = 1 should be prioritized for PRS measurement reporting enhancement for simplicity.
For the time stamp, although there is no specific requirement in Rel-16 how time stamp is selected by UE or gNB associated with the measurement, the common understanding of the selection should be the latest RS instance used to generate the measurement report. However, for the enhancement, time stamp selection plays an important rule, which validates the measurement. We would prefer to specify how the time stamp is selected.
Proposal 7: Support for single report containing multiple measurement instances
Specifying the time stamp selection for each measurement instance.
Scattering the measurement instances throughout the measurement time.

Reference device
In RAN1#104-e [5], we made the following agreement regarding reference device.
	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 delays, 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



We think that the reference device should at least be a UE for two reasons:
First, the reference UE is more flexible, that is, the location of the reference UE may change. As long as the reference UE can report an accurate location, the Tx timing error (in DL-TDOA) or Rx timing error (in UL-TDOA) between different TRPs can be calibrated [4]. Such as in Figure 9, the reference UE can be used to estimate the Tx/Rx timing error difference between TRP1 and TRP2, and when the reference UE moved to a new location, the reference UE also can used to estimate the Tx/Rx timing error difference between TRP5 and TRP6. In addition, it is easier to ensure the LOS environment exists between the reference device and the gNB for the moving reference UE. However, if the reference device is a gNB/TRP, and once the reference gNB is deployed, its location is difficult to change, so it may be need to define a lot of reference gNBs to estimate the Tx/Rx timing error from different gNBs.
[image: ]
[bookmark: _Ref67664119]          Figure 9 A moving reference UE to calibrate Rx/Tx timing error of different pairs of TRP

Second, defining a reference UE has little impact on the standard, and only the type and location coordinates of the reference UE need to be reported, and no new signaling procedure is added. From stage-2 perspective, LMF initiated calibration procedure may also be introduced.
However, if the reference device is a gNB, the gNB needs to transmit and receive reference signals each other. So, resource scheduling needs to be considered, and some new signaling procedure may needs to be added.
Therefore, we believe that adopting the reference UE should be prioritized to mitigate gNB Rx/Tx timing error.
Proposal 8: Support to enable a reference UE to mitigate Rx/Tx timing error of gNB.
And if the reference device is a reference UE (especially a moving reference UE), the ground truth location information should be reported to the LMF if the LMF does not have the information. So, the LMF can estimate the gNB Tx/Rx timing error difference according to the real TOA/TDOA calculated by the ground truth location of the reference UE. Actually, there are existing LPP messages to carry the location coordinate information and the source of location of the UE, such as a-gnss, wlan, bt, tbs, sensor, ha-gnss-v1510, motion-sensor-v1550, dl-tdoa-r16, or dl-aod-r16. Considering the location of the reference UE may be some predefined or fixed geographic coordinate point, not estimated by other positioning methods, it is proposed to add another source for the location information. So the LMF realize the coordinate information can be used to calculate the Rx/Tx timing error difference.
Observation 4: LPP signaling support UE to report location coordinate information and the source of location to LMF.
Proposal 9: Support to reuse the LPP signaling to provide the location coordinate information of the reference UE and add a new location source to indicate where the information come from.
Another question is how to ensure the precision of ground truth location of the reference UE, because it is directly affect the performance of Rx/Tx timing error difference. The accuracy of the reference device should at least match the target location accuracy. From our understanding, it can be solved by implementation. The location of the reference UE can be obtained via RAT independent methods, such as GNSS/RTK for outdoor scenario and LIDAR for indoor scenario, or even RAT independent methods that is robust to the timing error, such as angle-based methods.
Observation 5: The precision of the ground truth location of reference UE can be satisfied by implementation method such as GNSS/RTK, LIDAR, or angle-based methods.

Conclusion
In this contribution, we have the following observations and proposals regarding positioning enhancement in Rel-17.
Observation 1: Reporting the UE Tx TEG information with association to the RTOA measurements can effectively mitigate Tx timing error and improve the positioning accuracy, and reporting the timing error statistics can further improve the positioning accuracy.
Observation 2: Specifying a measurement time window configuration lacks justification.
Observation 3: Single positioning frequency layer and CSSF = 1 should be prioritized for PRS measurement reporting enhancement for simplicity.
Observation 4: LPP signaling support UE to report location coordinate information and the source of location to LMF.
Observation 5: The precision of the ground truth location of reference UE can be satisfied by implementation method such as GNSS/RTK, LIDAR, or angle-based methods.

Proposal 1: The enhancement to mitigate UE/TRP Rx/Tx timing error should deprioritize particular enhancements towards the UE phase centre offset on different beams, which also creates ARP drift.
Proposal 2: Support the following Options for UL-TDOA
Option 1: 
0. Support a TRP to provide the association information of RTOA measurements with Rx TEGs to LMF when the TRP reports the RTOA measurements.
0. This should target TRPs deployed across multiple CCs.
Option 2b (updated from Option 2):
0. Support a UE to provide the association information of SRS resources/ports used for positioning with UE Tx TEG(s) to LMF for UL TDOA positioning.
Option 2c: 
0. Support a TRP to provide the association information of RTOA measurements with SRS resources/SRS ports to LMF when the TRP reports the RTOA measurements.
Option 4b (updated from Option 4): 
0. Support a UE to provide the statistics (variance, bound, etc.) of the Tx timing error differences between Tx TEGs to LMF for UL TDOA positioning.
Proposal 3: Support the following Options for DL-TDOA
Option 1: 
0. Support a TRP to provide the association information of DL PRS resources with Tx TEGs to LMF
0. This should target TRPs deployed across multiple CCs
Option 5:
0. 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
Note: Option 9 is already supported in the current LPP, with different positioning frequency layers from a TRP having its own RTD.
Proposal 4: Support UE RxTx TEG information for UE Rx – Tx time difference measurement.
The SRS transmission associated with a UE Tx TEG should be received by the TRP that transmits the PRS that is received by the UE Rx TEG paired with the UE Rx TEG in the same UE RxTx TEG.
Proposal 5: Support TRP RxTx TEG information for gNB Rx – Tx time difference measurement when SRS are received from multiple CCs.
Proposal 6: Extend the UE Tx TEG to be port specific, and extend the gNB measurement indication associated with SRS port.
Proposal 7: Support for single report containing multiple measurement instances
Specifying the time stamp selection for each measurement instance.
Scattering the measurement instances throughout the measurement time.
Proposal 8: Support to enable a reference UE to mitigate Rx/Tx timing error of gNB.
Proposal 9: Support to reuse the LPP signaling to provide the location coordinate information of the reference UE and add a new location source to indicate where the information come from.
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