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Introduction
In RAN#90-e, the approved WI for Rel-17 positioning enhancement includes the following objective [1].
	· 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]
· DL, UL and DL+UL positioning methods
· UE-based and UE-assisted positioning solutions



In this contribution, we present our view on potential enhancements to mitigate gNB and UE Rx/Tx timing errors to improve positioning accuracy.

Considerations on Rx/Tx timing errors
gNB Rx/Tx timing error
Regarding the discussion for positioning accuracy in the presence of the gNB non-ideal timing errors, we consider that it is modelled by clock synchronization error and group delay error (BB to RF) in the proposals during the study item. As a result, the timing calibration effort may not be able to distinguish the two components from the lump-sum sync error from the overall TOA (TDOA) measurement, as shown in Figure 1 by using DL-TDOA as the example.
For TDOA based methods (DL-TDOA, UL-TDOA), the UE side clock synchronization error and UE Rx/Tx calibration error can be cancelled if they come from the single chain and the TDOA measurements (DL-RSTD, UL-RTOA) are based on the reference signal received at the same time.
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[bookmark: _Ref60924595]Figure 1 Error Components from TOA measurement
Observation 1: The error components of lump-sum synchronization error includes gNB clock synchronization error and gNB Tx/Rx calibration error, which cannot be separated from the overall TOA (or TDOA) measurement, where the UE clock error and the UE Rx/Tx calibration error can be cancelled in TDOA measurements.

UE Rx/Tx timing error
UE Rx/Tx timing error calibration makes more sense for the cases that UE is equipped with multiple panels from the study phase because different panels are typically associated with different chains which is characterized by independent Rx/Tx timing error sources.
From the sense of positioning service defining UE location, it is reasonable to assume UE panels are collocated. Despite the assumption of collocated UE panels, the UE Rx/Tx timing error budget is less than 2ns corresponding to the positioning accuracy requirement target of 0.5 meters for IIoT scenarios. Comparing to the blind hypothesis of the error sources, associating the DL measurements or UL transmissions with specific panels would benefit LMF deriving a more precise position due to potential UE inter panel Rx/Tx timing error calibration. 
Observation 2: UE Rx/Tx timing error is assumed to be independent across UE panels, which cannot be cancelled in Rel-16 positioning methods if the TDOA is measured from different panels.

Discussion on enhancement
UE-assisted calibration
Principles
The straightforward way to overcome the gNB Rx/Tx timing error is to introduce a calibration UE with the known location. The UE can do either traditional NR positioning procedure, and in addition, the location is also reported by the UE with extremely high confidence.
After calibration, the correction data may be either stored/updated in the LMF, or forwarded to the NG-RAN or to other UEs, which is quite similar to differential positioning in GNSS.
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Figure 2 The scenario of calibration UE (C-UE) and normal UE (N-UE)
For DL-TDOA, the calibration process can be divided into the following steps, which without loss of generality, can be applicable to the UL-TDOA as well:
Step1: C-UE receives the PRS from TRP1 and TRP2, and reports the RSTD to LMF

Step2: LMF calculates the true RSTD between TRP1 and TRP2 based on the real positions of C-UE and TRP1/2, and the real time difference (RTD) between the two TRPs
                         
Step3: According to the real RSTD and measurement RSTD, LMF can calculate the timing error between TRP1 and TRP2
                                                          
Step4: When a normal UE is doing the TDOA positioning and reporting the RSTD of TRP1 and TRP2 to LMF, LMF need to compensate the timing error 
                                                          
Finally, the LMF uses the compensated RSTD to estimate the UE location.
The mechanism is quite similar to the differential method for UE-based GNSS positioning, where  can be regarded as correction assistance data, which for UE-assisted positioning, LMF can use without notifying UE or TRPs.
Evaluation
The following cases in Table 1 are evaluated for FR1. We will evaluate UL positioning method such as UL-TDOA using LOS/NLOS detection algorithm [3] in InF-SH.
[bookmark: _Ref61253808]Table 1 Evaluated parameter combinations
	Parameter
	Case 1 (InF-SH, FR1)
	Case 2 (InF-SH, FR1)
	Case 3 (InF-SH, FR1)
	Case 4 (InF-SH, FR1)
	Case 5 (InF-SH, FR1)

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	Super resolution
 LOS/NLOS detection [3]

	Description of positioning technique / applied positioning algorithm (e.g. Least square, taylor series, etc)
	UL-TDOA
PSO

	UE/gNB Tx/Rx 
Calibration Error
	0ns
	0.5ns
	0.5ns
	1ns
	1ns

	Additional notes, if any
	No timing delay
	No calibration
	Calibration using a reference UE
	No calibration
	Calibration using a reference UE



The cumulative distribution function (CDF) of the positioning error is presented in Figure 3:
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[bookmark: _Ref61345962]                                Figure 3 Positioning error result for UE-assisted calibration
The positioning error of 50%, 67%, 80%, 90% and 95% for all cases are summarized in Table 2.
[bookmark: _Ref60996829]Table 2 Positioning accuracy (in unit of meter)
	Cases
	50%
	67%
	80%
	90%
	95%

	Case 1, InF-SH,FR1, UL-TDOA, Timing error=0ns
	0.0321
	0.0535
	0.0923
	0.1634
	0.2945

	Case 2, InF-SH, FR1, UL-TDOA, Timing error=0.5ns
	0.1832
	0.2504
	0.3493
	0.5405
	0.8941

	Case 3, InF-SH, FR1, UL-TDOA, Timing error=0.5ns, Calibration
	0.0622
	0.1038
	0.1660
	0.3128
	0.6705

	Case 4, InF-SH, FR1, UL-TDOA, Timing error=1ns
	0.3616
	0.4739
	0.6455
	0.9894
	1.5394

	Case 5, InF-SH, FR1, UL-TDOA, Timing error=1ns, Calibration
	0.0637
	0.1032
	0.1719
	0.3306
	0.6511



It is seen that the positioning accuracy is greatly improved after the calibrated UE is used comparing to the results for the cases with timing errors not calibrated. In addition, the larger the timing error, the more obvious the calibration effect.
The positioning accuracy after calibration may suffer from TOA estimation error with respect to the calibration UE, which can be reflected in the table where positioning error of case 3/5 is twice as much as case 1. In the evaluation, it is assumed to be single-short calibration, while in practice, the correction can be filtered by the LMF taking into account the gNB clock drifting. The benefit is attractive, as we no longer require the strictest synchronization (<500ps) between TRPs, and the period of calibration can be flexibly adjusted considering the oscillator type at each gNB, depending on the clock drift rate.
Note that the simulation results are for UL-TDOA, but the similar observation can be seen from DL-TDOA. 
Observation 3: Using calibration UE can effectively reduce the impact from gNB Rx timing error.

Specification impact
To support UE-assisted calibration, both the measurement and the UE location should be available at the LMF. For example, if the calibration UE is engaged in DL-only or RTT positioning, it should be allowed to report both its location (from external source) and its DL measurements. If the calibration UE is engaged in UL-only positioning, it should be allowed to report its location without any other measurements, and the gNB is tasked to provide the measurement for this particular UE which as calibration UE is known by LMF through UE capability reporting.
Overall, the related standard impact is quite small, which includes
UE identification (via e.g. capability reporting)
UE location source identification (via e.g. ProvideLocationInformation).
Proposal 1: Introduce a calibration UE with the known location to mitigate the gNB timing error.

UE panel identification
UE panel identification can be considered to mitigate UE Rx/Tx timing error. With it the LMF can group the measurements by the UE panel, and the triangulation can be carried out within each panel, and the UE location can be fused combining panel-specific triangulation.
Typically, if the TDOA positioning involves N TRPs, the effective TDOA measurements is N-1. However, if those TOA measurements corresponds to M UE panels, the effective TDOA measurement should be further reduced to N-M. The TDOA positioning is solvable if N-M is greater than or equal to the dimension of the UE location.
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Figure 4 Multi-panel UE positioning
One possible way of doing this is to allow UE to report additional information to LMF. The specification impact may include the reporting the panel used for DL measurement and/or used for UL transmission to LMF, which seems quite small from signalling perspective. In Rel-16, a similar procedure was adopted in the same Rx beam reporting for DL-AoD positioning.
For network (gNB/LMF) assisted/control of UE panel selection for DL reception and/or UL transmission, apart from what is specified in Rel-16 on spatial relation and pathloss reference configuration to facilitate UE selection of DL/UL panel (for FR2), we noticed that the Rel-17 WI of further enhancement of MIMO has already made some progress, and we think the related discussion can be resolved in MIMO.
Proposal 2: Support UE to report of the panel information for DL reception and UL transmission to LMF, and leave the network assisted/controlled panel selection up to Rel-17 MIMO WI.

DL-TDOA + UL-TDOA
DL-TDOA + UL-TDOA can be an implementation-based solution to mitigate the drawback to the traditional TDOA based methods, i.e. inter-TRP DL-UL common error, e.g. clock synchronization error.
As shown in Figure 1, the DL TOA for UE and TRP  can be expressed as

Where
 is the clock error of TRP  with the reference time
 is the Tx chain delay error of TRP 
 is the propagation delay between TRP  and UE
 is the clock error of the UE with the reference time
 is the Rx chain delay error of the UE
 is the TOA estimation error at the UE for TRP 
Similarly, the UL TOA can be expressed as

Where
 is the TOA estimation error at TRP 
Note that for UL,  and  should be negative compared to DL.
We select the TRP 0 as the reference TRP, the DL-TDOA and UL-TDOA between TRP  and the reference TRP are expressed as


Combining DL-TDOA and UL-TDOA will result in

The clock error between TRP  and TRP 0 no longer exist, and the remaining error is 

Besides the generic TOA measurement error, the Rx/Tx timing error at different TRPs will be added up, and the error variance is same as the individual error variance of Rx/Tx at each gNB if those errors are independent and identically distributed (i.i.d.).
Observation 4: Combining DL-TDOA and UL-TDOA can overcome the TRP-specific DL/UL common timing errors.
Observation 5: No specification impact is identified for combining DL-TDOA and UL-TDOA, which means that it can be supported in Rel-16 implementation.

Differential multi-RTT
Differential multi-RTT is quite similar to the DL-TDOA + UL-TDOA in terms of the same error profile. Additional information provided by differential multi-RTT is the ranging between UE and the reference TRP, so that it allows a rough UE localization in the presence of in-sufficient number of TRPs, e.g. two TRPs for 2D positioning, while DL-TDOA+UL-TDOA requires three. However, the ranging suffers from the Rx/Tx timing error at UE and gNB. 
UE Rx/Tx timing error is typically assumed to be larger than gNB as it can be time varying due to the temperature, etc., so it is hard to be calibrated, which puts a large bias on the ranging information.
Observation 6: Differential multi-RTT can overcome the TRP-specific DL/UL common timing errors, similar to combining DL-TDOA and UL-TDOA.
To our understanding, there is no specification impact to use this.
Observation 7: No specification impact is identified for differential multi-RTT, which means that it can be supported in Rel-16 implementation.

UE-based positioning enhancement
Resource-specific RTD
Resource-specific RTD was discussed in Rel-16 with the argument that resource specific antenna reference point (ARP) was already introduced in LPP [2] considering different resource (beams) may have a different antenna phase centre.
Also during Rel-16, it was argued in RAN2 [4] that this may need Rel-17 study, but it was not studied at all, nor was there any contribution of simulation to have shown the assumption of resource specific real time difference or have shown the benefit of introducing resource-specific RTD signaling.
Observation 8: No study has shown the benefit of resource-specific RTD.
RTD drift rate
Normally the RTD drift rate is dependent on the oscillator type of the TRPs. 
RAN4 specification already defined the minimum requirement of gNB frequency error as in [5], which can be used for the standard UE assumption on the RTD drift rate.
	[bookmark: _Toc53178632][bookmark: _Toc53178181][bookmark: _Toc45893454][bookmark: _Toc44712141][bookmark: _Toc37267539][bookmark: _Toc37260151][bookmark: _Toc36817235][bookmark: _Toc29811683][bookmark: _Toc21127474]6.5.1.2	Minimum requirement for BS type 1-C and BS type 1-H
For BS type 1-C and BS type 1-H, the modulated carrier frequency of each NR carrier configured by the BS shall be accurate to within the accuracy range given in table 6.5.1.2-1 observed over 1 ms. 
The frequency error requirement for NB-IoT are specified in TS 36.104 [13] clause 6.5.1.
Table 6.5.1.2-1: Frequency error minimum requirement
	BS class
	Accuracy

	Wide Area BS
	±0.05 ppm

	Medium Range BS
	±0.1 ppm

	Local Area BS
	±0.1 ppm






The assumption means that the RTD drift can be 100ps every 1ms for local area BSs. With UE assisted calibration, if the PRS reception time of the positioning UE is the same time as or within 1ms of the PRS reception time of calibration UE or is within 1ms of the SRS transmission time of the calibration UE, the UE-based assistance data should be working fine without providing any RTD drift rate information.
Observation 9: Without notifying RTD drift rate for UE-based positioning, it can still work under current RAN4 requirement.
Note that for UE-assisted calibration, the RTD and the RTD quality can be updated based on the measurement with respect to the calibration UE.

Based on the discussion, we have the following proposal.
Proposal 3: Given the existing positioning calculation assistance data framework, resource-specific RTD and RTD drift rate should be low priority.

Conclusion
In this contribution, we have the following observations and proposals regarding enhancement to mitigate gNB and UE Rx/Tx timing error in Rel-17.
Observation 1: The error components of lump-sum synchronization error includes gNB clock synchronization error and gNB Tx/Rx calibration error, which cannot be separated from the overall TOA (or TDOA) measurement, where the UE clock error and the UE Rx/Tx calibration error can be cancelled in TDOA measurements.
Observation 2: UE Rx/Tx timing error is assumed to be independent across UE panels, which cannot be cancelled in Rel-16 positioning methods if the TDOA is measured from different panels.
Observation 3: Using calibration UE can effectively reduce the impact from gNB Rx timing error.
Observation 4: Combining DL-TDOA and UL-TDOA can overcome the TRP-specific DL/UL common timing errors.
Observation 5: No specification impact is identified for combining DL-TDOA and UL-TDOA, which means that it can be supported in Rel-16 implementation.
Observation 6: Differential multi-RTT can overcome the TRP-specific DL/UL common timing errors, similar to combining DL-TDOA and UL-TDOA.
Observation 7: No specification impact is identified for differential multi-RTT, which means that it can be supported in Rel-16 implementation.
Observation 8: No study has shown the benefit of resource-specific RTD.
Observation 9: Without notifying RTD drift rate for UE-based positioning, it can still work under current RAN4 requirement.
Note that for UE-assisted calibration, the RTD and the RTD quality can be updated based on the measurement with respect to the calibration UE.
Proposal 1: Introduce a calibration UE with the known location to mitigate the gNB timing error.
Proposal 2: Support UE to report of the panel information for DL reception and UL transmission to LMF, and leave the network assisted/controlled panel selection up to Rel-17 MIMO WI.
Proposal 3: Given the existing positioning calculation assistance data framework, resource-specific RTD and RTD drift rate should be low priority.
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