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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 others views [2], [3]. 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
[bookmark: _GoBack]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. 
Assuming that the UE is aware of the phase center offset (PCO) characteristics of all its antennas/antenna arrays over configurations and conditions for both DL receptions and UL transmissions and that the UE has obtained an estimate of the DL PRS AOA for a given gNB1 (AOA_gNB1). 
In this scenario the UE may locally compensate the DL PRS TOA offset introduced by the receiving antenna PCO in the same way as compensating for other UE local RX timing errors.
Observation 3: The UE may know PRS AOA and the antenna phase center offset in that direction and may thus locally compensate for the associated PRS TOA offset.    
Note that the PRS AOA can be a relative AOA value, e.g., relative to the receiving antenna, as it is only used locally at the UE side. Here PRS is an example but other reference signals could also be used by the UE (e.g., SSB). 
By channel reciprocity the UE may assume that any subsequent UL SRS-Pos towards gNB1 is transmitted in the same direction and the UE may therefore compensate the UL SRS-Pos Time Of Departure (TOD) by the transmitting antenna PCO in the direction dictated by AOA_gNB1.          
Since the PCO is transmission direction dependent this UE UL local compensation of the SRS-Pos TOD is feasible for scenarios where only the target gNB can hear the transmission or for gNB specific UL SRS-Pos transmissions conformed by decoding. 
This is visualized in Figure 4 where the UE is transmitting SRS-Pos towards gNB1, 2 and 3. For narrow beam configuration (green beams) each SRS-Pos transmission towards gNB1/2/3 may be TOD offset compensated at the UE ref. the PCO in that direction (PCO1/2/3).     
Observation 4: For the case of UE SRS-Pos transmission towards gNBs located in one direction the UE may know the SRS-Pos AOD and the antenna phase center offset in that direction and may thus locally compensate for the associated SRS-Pos TOD offset. 
[image: ]
Figure 4: Example of UE with direction dependent PCO transmitting UL SRS-Pos towards gNBs with broad beams (orange) or narrow beams (green). 
For for broad beam configuration (orange beams) two gNBs (gNB2 & 3) are receiving the same SRS-Pos transmission and since UE PCO2 and PCO3 are different it is not possible to apply a single accurate TOD offset at the UE transmitting side. 
For such cases with more gNBs receiving a UE SRS-Pos transmission the PCO compensation will need to happen at the receiving side by compensating the UL SRS-Pos TOA for at each receiving gNB. To enable this the UE may report the TOD offset for each gNB to LMF which will then apply these offsets when calculating the UE positioning.  
Observation 5: For the case of UE SRS-Pos transmission towards multiple gNBs in different directions the UE may know the SRS-Pos AODs and the antenna phase center offsets in those directions and may report the associated SRS-Pos TOD offsets to the LMF for compensation. 
Proposal 1: UE to include reporting of gNB specific SRS-Pos TOD offsets to gNB/LMF for post-compensation of direction specific UE antenna phase center offsets thereby enhancing the positioning accuracy.
Proposal 2: UE to signal to gNB/LMF its capabiltiy to compensate for antenna phase center offsets for time based positioning. Note this could apply to both broad beam and narrow beam SRS-Pos transmissions. 
[bookmark: _Hlk59197246]Reference Device			
One component of the Rx/Tx timing delays is the group delay which may be partially calibrated in an offline manner but also contains a time varying component (e.g., due to temparture). One potential solution to mitigate the time varying part of the gNB Rx/Tx timing delays is to rely on reference devices, with known location, to calibrate for the variations in group delay on the transmitter side.
We discuss the addition of reference devices in detail in our Tdoc on DL-AoD [3]. The main message is that the current specification are not sufficient for enabling a reference device. 
Proposal 3: RAN1 to specific support for enabling a selected device with known location to support configuration by the network for at least some positioning calibration measurements.
TEG Handling 			
At the last RAN1 meeting it was concluded that some options would be investigated to handle TEGs. We show only the options for DL-TDOA here for brevity and use this for discussion. 
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.

Based on the above options we think there are three groups of options that can be made: 
· One group of options that aims to fully correct the Tx/Rx timing errors 
· One group of options that aims to provided association information of TEGs 
· One group of options that aims to provide the relative errors between TEGs

These groups of options would all be useful if possible in practice. For the first group which aims at corrected the errors: Based on the definition of Tx/Rx timing errors the errros are the uncalibrated components (e.g., residual errors). So it may be quite difficult for a TRP to measure the Tx timing error or for the UE to measure the Rx timing error. In general if the device knows the timing error then it seems like it would compensate it already. 
Observation 6: Measuring the absolute Tx/Rx timing errors in DL-TDOA may be difficult as they are residual errors. 
Observation 7: Proponents of Options 3,4,6, and 7 should clarify how the Tx/Rx errors are measured. 
Proposal 4: RAN1/RAN4 should consider the feasibility of Option 3,4,6, and 7. 
The group of options that aim at providing the association information of TEGs seems the most straightforward. Based on the association information the position estimation entity (i.e., LMF in UE-A or UE in UE-B) can perform measurement grouping or differential measurements such that the Tx/Rx errors are mitigated. 
Observation 8: Options 1.2 and 5 have clear benefit in enabling differential measurements.
The third group of options which are based on providing the relative errors between TEGs is a bit more nuanced then the first two groups in Nokia’s view. This may have some dependency also on the reference device solution. If a reference device is introduced it may be able to measure the Tx timing error difference between Tx TEGs (provided it uses the same Rx TEG). It seems more straightforward to provide this information to the LMF from a reference UE rather than the TRP. 
Observation 9: A reference device may enable option 8 and 9 for DL-TDOA.
Proposal 5: Consider option 8b for DL-TDOA which is support a reference UE to provide the Tx timing error difference between Tx TEGs to LMF. 
To measure the UE Rx timing error difference between Rx TEGs it may be possible to use repeptition of DL PRS from the TRP and then measure the variation between instances. This option could be considered further. 
Observation 10: Option 10 may be feasible for reptition of DL PRS. 
Proposal 6: Prioritize studying Options 1, 2, 5, 8b, 9, and 10 for DL-TDOA.
As we highlight in Seciton 2.1 the PCO impacts on the timing errors can be direction dependent. This should be taken into account when considering the TEG solutions. For example, if a reference device is used to measure the timing errors then they may not be directly useful at a different target direction if directional PCO compensation is used. 
Observation 11: The directional dependence of PCO compensation should be considered in the discussion of TEG solutions. 
The above discission generally applies to UL-TDOA and multi-RTT positioning. The groups of options proposed above also applies. 
Proposal 7: For UL-TDOA and Multi-RTT prioritize the options that correspond to Options 1, 2, 5, 8b, 9, and 10 in DL-TDOA. 
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: The UE may know PRS AOA and the antenna phase center offset in that direction and may thus locally compensate for the associated PRS TOA offset.    
Observation 4: For the case of UE SRS-Pos transmission towards gNBs located in one direction the UE may know the SRS-Pos AOD and the antenna phase center offset in that direction and may thus locally compensate for the associated SRS-Pos TOD offset. 
Observation 5: For the case of UE SRS-Pos transmission towards multiple gNBs in different directions the UE may know the SRS-Pos AODs and the antenna phase center offsets in those directions and may report the associated SRS-Pos TOD offsets to the LMF for compensation. 
Proposal 1: UE to include reporting of gNB specific SRS-Pos TOD offsets to gNB/LMF for post-compensation of direction specific UE antenna phase center offsets thereby enhancing the positioning accuracy.
Proposal 2: UE to signal to gNB/LMF its capabiltiy to compensate for antenna phase center offsets for time based positioning. Note this could apply to both broad beam and narrow beam SRS-Pos transmissions. 
Proposal 3: RAN1 to specific support for enabling a selected device with known location to support configuration by the network for at least some positioning calibration measurements.
Observation 6: Measuring the absolute Tx/Rx timing errors in DL-TDOA may be difficult as they are residual errors. 
Observation 7: Proponents of Options 3,4,6, and 7 should clarify how the Tx/Rx errors are measured. 
Proposal 4: RAN1/RAN4 should consider the feasibility of Option 3,4,6, and 7. 
Observation 8: Options 1.2 and 5 have clear benefit in enabling differential measurements.
Observation 9: A reference device may enable option 8 and 9 for DL-TDOA.
Proposal 5: Consider option 8b for DL-TDOA, which is support a reference UE to provide the Tx timing error difference between Tx TEGs to LMF. 
Observation 10: Option 10 may be feasible for reptition of DL PRS. 
Proposal 6: Prioritize studying Options 1, 2, 5, 8b, 9, and 10 for DL-TDOA.
Observation 11: The directional dependence of PCO compensation should be considered in the discussion of TEG solutions. 
Proposal 7: For UL-TDOA and Multi-RTT prioritize the options that correspond to Options 1, 2, 5, 8b, 9, and 10 in DL-TDOA. 
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