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Introduction
[bookmark: _Hlk510705081]In Rel-16 native NR positioning support was standardized. At RAN#90 a new WI was approved and at RAN#91 that WID was updated on enhancements in Rel-17 to positioning [1]. This contribution discusses our views on the enhancements related to UE and gNB Rx/Tx timing errors. Our companion contributions discuss our other views [2-6]. The objective from the WID is to
· 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

During RAN1#104-e the following agreement was reached: 
Agreement:
The following definitions are used for the purpose of discussion of internal timing errors (these terms are not agreed to be included in the specifications):
· Tx timing error: From a signal transmission perspective, there will be a time delay from the time when the digital signal is generated at baseband to the time when the RF signal is transmitted from the Tx antenna. For supporting positioning, the UE/TRP may implement an internal calibration/compensation of the Tx time delay for the transmission of the DL PRS/UL SRS signals, which may also include the calibration/compensation of the relative time delay between different RF chains in the same TRP/UE. The compensation may also possibly consider the offset of the Tx antenna phase center to the physical antenna center. However, the calibration may not be perfect. The remaining Tx time delay after the calibration, or the uncalibrated Tx time delay is defined as Tx timing error. 
· Rx timing error: From a signal reception perspective, there will be a time delay from the time when the RF signal arrives at the Rx antenna to the time when the signal is digitized and time-stamped at the baseband. For supporting positioning, the UE/TRP may implement an internal calibration/compensation of the Rx time delay before it reports the measurements that are obtained from the DL PRS/UL SRS signals, which may also include the calibration/compensation of the relative time delay between different RF chains in the same TRP/UE. The compensation may also possibly consider the offset of the Rx antenna phase center to the physical antenna center. However, the calibration may not be perfect. The remaining Rx time delay after the calibration, or the uncalibrated Rx time delay is defined as Rx timing error. 
· UE Tx ‘timing error group’ (UE Tx TEG): A UE Tx TEG is associated with the transmissions of one or more UL SRS resources for the positioning purpose, which have the Tx timing errors within a certain margin.
· TRP Tx ‘timing error group’ (TRP Tx TEG): A TRP Tx TEG is associated with the transmissions of one or more DL PRS resources, which have the Tx timing errors within a certain margin.
· UE Rx ‘timing error group’ (UE Rx TEG): A UE Rx TEG is associated with one or more DL measurements, which have the Rx timing errors within a certain margin.
· TRP Rx ‘timing error group’ (TRP Rx TEG): A TRP Rx TEG is associated with one or more UL measurements, which have the Rx timing errors within a margin.
· UE RxTx ‘timing error group’ (UE RxTx TEG): A UE RxTx TEG is associated with one or more UE Rx-Tx time difference measurements, and one or more UL SRS resources for the positioning purpose, which have the ‘Rx timing errors+Tx timing errors’ within a certain margin.
· TRP RxTx ‘timing error group’ (TRP RxTx TEG): A TRP RxTx TEG is associated with one or more gNB Rx-Tx time difference measurements and one or more DL PRS resources, which have the ‘Rx timing errors+Tx timing errors’ within a certain margin.
Discussion
UE Antenna Array Phase Center Offset Errors
With reference to WID [1] one of the main objectives for the Rel-17 work on positioning enhancements is to improve the accuracy of the positioning methods. Especially for IIoT use cases the positioning accuracy target is challenging at < 20 cm and UE implementation impairments which may so far have been considered neglectable (i.e., 3 or 10 m accuracy target of Rel-16), and therefore left uncompensated, now become significant contributors to the overall positioning error.    
Figure 1 depicts a simplified UE formfactor design with a 1:8 mmWave antenna array mounted at the top receiving or transmitting a positioning reference signal at a given angle. For time based positioning accuracy, e.g. UL/DL-TDOA or multi-RTT, at the UE, it is key to have a precise measure of the effective phase reference position for the signal received or transmitted via the UE mmWave antenna array. We name this position the antenna array phase center and ideally this antenna array phase center is fixed and aligned with e.g. the physical Antenna Reference Point (ARP).    
However, the UE antenna array phase center may not always align with the physical Antenna Reference Point (ARP) and its position may in fact be highly sensitive to multiple parameters of which some will vary during live operation in the field. The UE antenna array phase center location is for example sensitive to UE formfactor, cover, coating, beam steering angle, polarization and angle of arrival/departure both for narrow and broad beam antenna array configurations. 
As depicted in Figure 1 if, for a given beam steering angle and angle of arrival/departure, the antenna phase center is located at an offset compared to the assumed location (e.g. the ARP), the impact is an error on the estimated TOA/TOD. This TOA/TOD error can be several centimeters and therefore a significant contributor in the error budget for IIoT use cases if left uncompensated.  
[image: ]
Figure 1: Dynamic antenna array phase center scenario for example 1:8 UE form-factor design
To show the effect CST EM simulations have been carried out on the UE formfactor design depicted in Figure 1 for the top mounted 1:8 antenna array with front and rear glas covers. The simulations of the antenna array phase center position with reference to the ARP have been conducted for different beam steering angles, for different signal angle of arrival (AOA) for each beam steering angle and for both co- and cross polarization. The phase center position has been evaluated in the direction of the incoming signal over an angular area of 12°x 12°.
The radiation phase of the UE formfactor with the 1:8 antenna array mounted at the top in broad beam configuration (single activated element) is depicted in Figure 2 for both polarizations (co polarization and cross polarization). This significant phase variation behavior manifest itself in sizable phase center offset variation over AOA and polarization as shown in Figure 3. The phase center offset variation is several centimeters and is highly dependent on both AOA and polarization. 



[image: ]
Figure 2: Antenna array broad beam (single patch) configuration phase plots over AOA and polarization
[image: ]
Figure 3: Antenna array broad beam configuration phase center offset in [mm] ref. ARP over AOA and polarization. Each colour represent offset in the x-y-z direction as indicated in Figure 1.
Observation 1: For both narrow and broad beam configurations dynamic UE antenna array phase center offset may be a sizable contributor to TOA/TOD errors and thereby to the inaccuracy of the UE positioning estimation especially important for high accuracy IIoT use cases.
Observation 2: These offsets can be seen also as timing delays that are dependent on the formfactor of the device, antenna panel used as well as the beam configuration and the particular AoA/AoD. 
There may be cases where the UE is not aware of the direction of all gNBs involved in a positioning session but only knows the direction towards the serving gNB or a subset of involved gNBs. In such cases the UE cannot fully compensate/report compensation of the direction dependent PCO for all gNB’s but may instead provide information to LMF about the PCO variation within the spatial area covered by the used antenna beam configuration.
Based on CST EM simulations on a UE formfactor design with wide beam configuration Figure 4 depicts the PCO variation (in mm) over the covered angular radiation area with an antenna gain not lower than max gain - 10dB. Two example gNB directions (A and B) are indicated on the dashed line constant PCO contour named Ref_PCO. The contour for PCO = Ref_PCO ± 5 mm is also indicated as a solid line.
From figure 4 it is observed that the PCO variation around gNB direction A is within Ref_PCO ± 5 mm inside the angular area covered by a circle with center A and radius 23°. Likewise, the PCO variation around gNB direction B is within Ref_PCO ± 5 mm within the angular area covered by a circle with center B and radius 10°. 
Observation 3: When a reference gNB direction is known by the UE, the UE may evaluate a validity region around this reference gNB direction within which a certain PCO accuracy target is still met and this validity region is dependent on the relative direction of the reference gNB within the radiated coverage area of the used beam configuration.  
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Figure 4: Example UE broad beam configuration PCO variation over the covered angular area with two example reference gNB directions (A & B) and associated validity regions indicated.
From Figure 4 we can also see that the maximum variation at two points could be as high as 5 or more cm. This means that if this impairment is not considered that a TEG could be not valid for two gNBs (despite the LMF assuming so). This can significantly impact the ability of a Rel-17 system to meet the accuracy requirements.  
Observation 4: The Rel-17 accuracy requirements may not be met without taking the angular validity of TEGs into account. 
Figure 5 shows a sketch drawing of a UE with a broad beam configuration covering gNB_A,B,C,D,E. With observation 6 in mind, the UE may know the direction of gNB_A and may define a validity region around direction of gNB_A for which a certain TEG margin is valid. 
In figure 5 this validity region is depicted as the green area for which the UE may report e.g. that the SRS-P transmission is associated with TEG1 with margin ±0.2ns with validity region ±20° referenced to gNB_A. Once the LMF has obtained measurement reports from all involved gNBs then gNB_B and C may be identified by LMF to be within the validity region of gNB_A and as such they may be categorized as having higher accuracy than the reports from gNB_D and E. 
As an extension the UE may report validity regions for more TEG margins to further group gNBs according to the PCO impact on accuracy.     
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Figure 5: Example depicting validity region enhanced TEG reporting. The coverage area for the used UE beam configuration is orange and the TEG margin is valid within green validity region ±20° ref. the direction of gNB_A. 
Proposal 1: The UE TX TEG reporting to be extended with an angular validity region and direction reference for which the TEG certain margin remains valid.
TEG Handling 			
At RAN1#106-e it was clear that there are quite varying views on how the TEG feature will work in practice. We would like to propose that RAN1 first get on the same page of some of the basics for the signaling of the already agreed components for the TEG feature before pushing forward on additional agreements. 
In our view there are two phases to the TEG concept: 
· Phase 1: TEG declaration by the UE/TRP. 
· This involves the UE/TRP informing the LMF of the number of TEGs that the UE has and then informing the LMF of the “certain margin” of those TEGs. 
· So as an example, the UE reports to the LMF that it supports 4 TEGs, TEG 1 with margin +/- 10 ns, TEG 2 with margin +/- 10 ns, TEG 3 with margin +/-1 ns, TEG 4 with margin +/- 1 ns.  
· Our assumption is that this reporting would be done during capability reporting but we are open to discuss. 
· Phase 2: TEG association during measurement reporting. 
· This involves the UE/TRP informing which TEG is associated with particular measurement and/or RS resources used for those measurement.  

Observation 5: There are two phases in the TEG concept: TEG declaration and TEG association.
To make sure that we have a basic working feature RAN1 should prioritize important discussion on the details of the two phases and the signaling needed. Discussion of the signaling may naturally lead to including RAN2/RAN3. 
Proposal 2: RAN1 should prioritize discussion on the basic phases of the TEG concept: TEG declaration and TEG association. 
The TEG declaration phase should be done by UE capability reporting and TRP information reporting in LPP and NRPPa respectively. 
Proposal 3: The UE should signal to the LMF as part of UE capability the certain margins associated with each TEG. FFS: possible values for certain margins. 
Proposal 4: The TRP should signal to the LMF as part of TRP information reporting the certain margins associated with each TEG. FFS:  possible values for certain margins.   
During the past few meetings there has been discussion on how to associate the TEGs and when the UE should report them. We discuss part of this above, but we would like to further clarify that in the initial TEG agreements it was very clear that the UE would report the association of TEG along with the measurement report. 
Agreement:
Support the following for mitigating UE Tx timing errors and/or TRP Rx timing errors for UL TDOA
· Support a TRP to provide the association information of RTOA measurements with TRP Rx TEG(s) to the LMF when the TRP reports the RTOA measurements to the LMF if the TRP has multiple Rx TEGs
· Support a UE to provide under capability the association information of UL SRS resources for positioning with Tx TEGs to the LMF if the UE has multiple Tx TEGs
· FFS: Whether to support a UE to provide the association information of UL SRS resources for MIMO with Tx TEGs to the LMF if the UE has multiple Tx TEGs
· FFS: Whether the association information is sent directly from UE to LMF, or is first provided to gNB and then forwarded to LMF  
· FFS: the details of the Signaling, procedures, and UE capability

Agreement:
· Support the following for mitigating TRP Tx timing errors and/or UE Rx timing errors for DL TDOA
· Support a UE to provide the association information of RSTD measurements with UE Rx TEG(s) to the LMF when the UE reports the RSTD measurements to the LMF if the UE has multiple TEGs
· Support a TRP providing the association information of DL PRS resources with Tx TEGs to the LMF if the TRP has multiple TEGs
· Support the LMF to provide the association information of DL PRS resources with Tx TEGs to a UE for UE-based positioning if the TRP has multiple TEGs 
· FFS: the details of the signalling, procedures, and UE capability
· Send an LS to RAN4 to check if there is any issue to support the above enhancements

From our side the agreement is extremely clear that the UE/TRP sends these associations with the measurement report. It seems obvious then that the UE/TRP should send the Tx TEG associations when it performs the transmission of the resources for those measurements. There is no need to discuss reporting periodicity or reporting events. These are optimizations that should not be dealt with at this stage in the WID when the basic feature is not yet completed. 
Observation 6: The prior agreements are clear that the TEG associations are sent along with the measurement reports. 
Proposal 5: Do not support any event driven and/or periodic reporting of Rx TEG and RxTx TEG association reporting outside of the measurement reports.
Proposal 6: The Tx TEG associations should be sent after the transmission of the resources for particular measurements. 
For example, when the serving gNB is going to report RTOA measurements it should request the UE Tx TEG associations and then also report those to the LMF.
Proposal 7: Support a UE to provide the association information of UE Rx-Tx time difference measurement with UE RxTx TEGs to the LMF when the UE reports the UE Rx-Tx time difference measurements. 
Proposal 8: Support a UE to provide the association information of UE Rx-Tx time difference measurements with UE Rx TEGs and UE Tx TEGs when the UE reports the UE Rx-Tx time difference measurements.
At RAN1#106-b the following working assumption was reached: 
Working assumption:
· For mitigating UE Tx timing errors for UL TDOA, subject to UE’s capability, support the serving gNB to request a UE to provide the association information of UL SRS resources for positioning with Tx TEGs to the serving gNB if the UE supports multiple UE Tx TEGs for UL TDOA.
· The serving gNB should forward the association information provided by the UE to the LMF.
· FFS: whether to support the serving gNB to forward the association information to the neighboring gNBs
· UE should report its capability of supporting multiple UE Tx TEGs for UL TDOA to serving gNB.
· For mitigating UE Tx timing errors for Multi-RTT, subject to UE’s capability, support the LMF to request a UE to provide the association information of UL SRS resources for positioning with Tx TEGs directly to the LMF if the UE supports multiple Tx TEGs for Multi-RTT.
· FFS: whether to support the LMF to forward the association information to the serving and neighboring gNBs
· UE should report its capability of supporting multiple UE Tx TEGs for Multi-RTT directly to the LMF.
· FFS: Mitigation of UE Tx timing errors when Multi-RTT, UL-TDOA and/or DL-TDOA are used.
Proposal 9: Confirm the working assumption on UE Tx TEG association reporting. 
The FFS point at the bottom of this working assumption shows that there may be issues if the UE is configured for both multi-RTT and UL-TDOA. So, it is possible that the UE could be requested to report the Tx TEG association both directly to the LMF (using LPP) and to the gNB (using RRC). Especially as LPP is transparent to the gNB, it may occur that the gNB is asking for reporting associations that the UE is already sending to the LMF. To avoid unnecessary overhead, we suggest allowing the UE to respond to a request from gNB or LMF for the associations with an indication that the UE will report directly to LMF (if reply to gNB) or to gNB (if reply to LMF).
Proposal 10: Allow UE to respond to a request for Tx TEG associations with an indication that it will report, or has already reported, directly to LMF (if responding to gNB) or to gNB (if responding to LMF). 
UE Rx-Tx Time Difference Measurement
At RAN1#106-e and RAN1#107-e there were discussions on some potential changes to the UE Rx-Tx time difference measurement. It was clear in the prior agreement that the decision should be reached at RAN1#106b. As no decision was reached, we feel this issue should not be discussed further. If RAN4 sees any issue with the current definition, they can directly discuss it and send an LS to RAN1 if necessary. 
Agreement:
· Consider supporting one of the following alternatives related to the UE Rx-Tx time difference (decision to be made in RAN1#106b):
· Option 1: 
· Subject to UE capability, the UE may report an additional UL Timestamp associated to a UE Rx-Tx measurement, corresponding to the timing of the uplink subframe of a positioning SRS.
· Add the following to the UE Rx-Tx time difference definition (similar to the definition for HD-FDD UE in TS 36.214): 
· If the UE does not transmit SRS in subframe #j, and if the UE reports an additional timestamp for the positioning SRS associated to the measurement, it shall compensate for the difference in the transmit timing of uplink subframe #j and the transmission timing of the subframe containing positioning SRS.
· Option 2: 
· Subject to a UE capability, a UE may optionally report Timing Adjustment (TA) change information
· Option 3A: The TA change information is included in the UE Tx TEG report
· Option 3B: The TA change information is included in the Rx-Tx measurement report
· Note: TA change information corresponds to: Tx Timing change with a timestamp that this change occurred.
· Option 3: 
· Subject to UE capability, the UE may report an additional UL Timestamp associated to a UE Rx-Tx measurement, corresponding to the timing of the uplink subframe of a positioning SRS.
· Add the following to the UE Rx-Tx time difference definition (similar to the definition for HD-FDD UE in TS 36.214): 
· If the UE does not transmit SRS in subframe #j, and if the UE reports an additional timestamp for the positioning SRS associated to the measurement, it is up to UE to compensate for the difference in the transmit timing of uplink subframe #j and the transmission timing of the subframe containing positioning SRS, or include the difference (Timing Adjustment change) without compensation within the report
· Other options are not precluded. 

Proposal 11: Do not discuss the UE Rx-Tx time difference measurement definition options further in RAN1. 
Measurement Timing Window
At the last meeting there was discussion on specifying a measurement timing window. From our view this feature’s benefit is questionable. 
Observation 7: The benefit of introducing a measurement timing window is not clear. 
If this feature is agreed to be supported, then it should be made clear that the UE/TRP is not mandated to use the resources indicated by the MTW. 
Proposal 12: If the MTW is agreed to be supported the UE/TRP is not mandated to use the resources inside the MTW for the positioning measurements.
Similarly, there was long discussion on the following proposal: 
(Round 4) Proposal 5-3 (H)
· Each measurement instance in a UE measurement report can be configured by LMF with at least N=1 instances of the DL-PRS Resource Set
· Each measurement instance in a TRP measurement report can be configured by LMF with at least M=1 SRS measurement time occasions. 
· FFS: Maximum number of measurement instances in a single measurement report
· Send LS to RAN4 to inform RAN4 about RAN1’s decision.

The intention of this proposal is not clear to us. We now understand that it tells the UE/TRP how many resource set instances the UE/TRP should use for each measurement. However, the ability of the LMF to know how many instances the UE/TRP needs is unclear to us. For example, the UE may need more instances for a DL PRS measurement which is from a TRP with higher pathloss. How can the LMF know this? Also, the real benefit of this proposal to mitigate timing errors is very unclear. 
Further RAN1 should also discuss the definition of a “measurement instance” to clarify what this means in the spec. 
Proposal 13: RAN1 should define a measurement instance. 
Proposal 14: The benefit and feasibility of the LMF to configure a specific number of resource set instances for measurement instances should be further clarified. 
Conclusion
We made the following observations and proposals in this paper:
Observation 1: For both narrow and broad beam configurations dynamic UE antenna array phase center offset may be a sizable contributor to TOA/TOD errors and thereby to the inaccuracy of the UE positioning estimation especially important for high accuracy IIoT use cases.
Observation 2: These offsets can be seen also as timing delays that are dependent on the formfactor of the device, antenna panel used as well as the beam configuration and the particular AoA/AoD. 
Observation 3: When a reference gNB direction is known by the UE, the UE may evaluate a validity region around this reference gNB direction within which a certain PCO accuracy target is still met and this validity region is dependent on the relative direction of the reference gNB within the radiated coverage area of the used beam configuration.  
Observation 4: The Rel-17 accuracy requirements may not be met without taking the angular validity of TEGs into account. 
Proposal 1: The UE TX TEG reporting to be extended with an angular validity region and direction reference for which the TEG certain margin remains valid.
Observation 5: There are two phases in the TEG concept: TEG declaration and TEG association.
Proposal 2: RAN1 should prioritize discussion on the basic phases of the TEG concept: TEG declaration and TEG association. 
Proposal 3: The UE should signal to the LMF as part of UE capability the certain margins associated with each TEG. FFS: possible values for certain margins. 
Proposal 4: The TRP should signal to the LMF as part of TRP information reporting the certain margins associated with each TEG. FFS:  possible values for certain margins.   
Observation 6: The prior agreements are clear that the TEG associations are sent along with the measurement reports. 
Proposal 5: Do not support any event driven and/or periodic reporting of Rx TEG and RxTx TEG association reporting outside of the measurement reports.
Proposal 6: The Tx TEG associations should be sent after the transmission of the resources for particular measurements. 
Proposal 7: Support a UE to provide the association information of UE Rx-Tx time difference measurement with UE RxTx TEGs to the LMF when the UE reports the UE Rx-Tx time difference measurements. 
Proposal 8: Support a UE to provide the association information of UE Rx-Tx time difference measurements with UE Rx TEGs and UE Tx TEGs when the UE reports the UE Rx-Tx time difference measurements.
Proposal 9: Confirm the working assumption on UE Tx TEG association reporting. 
Proposal 10: Allow UE to respond to a request for Tx TEG associations with an indication that it will report, or has already reported, directly to LMF (if responding to gNB) or to gNB (if responding to LMF). 
Proposal 11: Do not discuss the UE Rx-Tx time difference measurement definition options further in RAN1. 
Observation 7: The benefit of introducing a measurement timing window is not clear. 
Proposal 12: If the MTW is agreed to be supported the UE/TRP is not mandated to use the resources inside the MTW for the positioning measurements.
Proposal 13: RAN1 should define a measurement instance. 
Proposal 14: The benefit and feasibility of the LMF to configure a specific number of resource set instances for measurement instances should be further clarified. 
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