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In RAN plenary meeting #90, some RAN1 centric objectives for NR positioning enhancements were discussed and the following objectives were agreed in the WID [1]. 
[bookmark: _Hlk57059510]RAN1 centric objectives:
· Specify methods, measurements, signalling, and procedures for improving positioning accuracy of the Rel-16 NR positioning methods by mitigating UE Rx/Tx and/or gNB Rx/Tx timing delays, including [RAN1]
· DL, UL and DL+UL positioning methods
· UE-based and UE-assisted positioning solutions
· Specify the procedure, measurements, reporting, and signalling for improving the accuracy of [RAN1]
· UL AoA for network-based positioning solutions.
· DL-AoD for UE-based and network-based (including UE-assisted) positioning solutions.
Note: RAN1 will discuss the candidate solutions and provide updates for this objective, with status to be reviewed in RAN#91e.
In this contribution, we present our views on potential enhancements for mitigating UE Rx/Tx and/or gNB Rx/Tx timing delays.
Rx/Tx timing delay mitigating
[bookmark: Pro2]For timing-based positioning method (e.g. RTT-based method, TDOA-based method), when calculating the UE position, positioning accuracy will be affected by the Rx/Tx timing error of the TRP and/or the UE, which is caused by the group delay between the Baseband unit and Radio Frequency unit. Let’s take the RTT-based method as an example as in Figure1.


Figure1 Rx/Tx timing error in RTT-based positioning method
The Rx-Tx measurements of the UE and the TRP can be written as:
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where  is the UE received timing of DL PRS from the TRP and  is the transmit timing of SRS,  is the TRP received timing of SRS from the UE and is the transmit timing of DL PRS. 
And the RTT value between the UE and the TRP can be calculated as:
                        (==                 (3)
[bookmark: _GoBack]However, all the transmit and received timing above are obtained in Baseband, which are associated with actual propagation delay and group delay. Therefore, the above equation can be further written as:
(4)
where  is actual propagation delay between the UE and the TRP,  is the TRP transmit group delay, is the TRP received group delay,  is the UE received group delay, is the UE transmit group delay, is the total group delay on the TRP side including  and  (),  is the total group delay on the UE side including   and  (). 
Thus, RTT value can be affected by group delay on both the UE and the TRP side. In RAN1 evaluation result in [3, TR38.857], it is observed that group delay of UE/gNB may negatively impact accuracy of timing-based positioning method when precise UE positioning is targeted. 
Similarly, the accuracy of TDOA-based positioning method may also be negatively impacted by group delay. Although the UE group delay is eliminated due to TDOA calculation, the group delay between TRPs still matters. However, this timing error can be calibrated using the same method as which used in RTT-based positioning.
In this contribution, we mainly discuss on methods for mitigating Rx/Tx timing delay in RTT-based positioning.
Differential positioning for Rx/Tx timing delay mitigating
In GNSS field, it is common to correct the errors and provide high accuracy positioning services based on the reference station. So, it is natural for us to consider the same idea to eliminate Rx/Tx Transmission timing delays. In an industrial factory, the Rx/Tx timing delays of TRPs and UEs can be considered the same over a certain time. The measurement results of ‘the reference UE’ can be used to calculate the Rx/Tx Transmission delays of TRPs by comparing its ideal propagation delay with the estimated propagation delay. The details of differential positioning are shown below.
TRP Rx/Tx timing delay mitigating
For ‘the reference UE’, the location is known and it can also measure and report as normal UEs.
The Rx/Tx timing delay of ‘the reference UE’ is unknown
In this case, at least 3 TRPs and 1 ‘reference UE’ are needed for one solution. Therefore, let’s consider an example of 3 TRPs and 1 ‘reference UE’.
Based on equation (4), RTT values of ‘the reference UE’ and TRPs can be written as: 

                                                         (5)

Then we make a simple transformation to the system of equations above to eliminate the influence of Rx/Tx timing error  on the UE side.

                                            (6)

Where
· represents the RTT value between ‘the reference UE’ and TRP1, TRP2, TRP3 respectively, based on the Rx-Tx measurements from ‘the reference UE’ and TRP1, TRP2, TRP3 respectively.
·  represents the ideal propagation time delay between ‘the reference UE’ and TRP1, TRP2, TRP3 respectively, which can be calculated based on the known location of ‘the reference UE’ and corresponding TRPs. Thus, the differences between   are also known. 
·  represents the total Rx/Tx timing delay of TRP1, TRP2 and TRP3 respectively, which is the unknown quantity to be solved.
·  is the total Rx/Tx timing delay of ‘the reference UE’, which is also unknown.
Therefore, we can solve the system of linear equations (6) and get values of , and , which denotes total Rx/Tx timing delay of each TRP. Similarly, Rx/Tx timing delay of other TRPs can be obtained. Then the Rx/Tx timing delay of TRPs can be mitigated.
Rx/Tx timing delay of ‘the reference UE’ is known or calibrated by the UE itself
In this case, only 1 TRPs and 1 ‘reference UE’ are needed for one solution.
Based on equation (4), RTT values of ‘the reference UE’ and the TRP can be written as: 
                                                         (7)
where
· represents the RTT value between ‘the reference UE’ and the TRP, based on the Rx-Tx measurements from ‘the reference UE’ and the TRP.
·  represents the ideal propagation time delay between ‘the reference UE’ and TRP, which is also known. 
·  represents the total Rx/Tx timing delay of the TRP, which is the unknown quantity to be solved.
·  is the total Rx/Tx timing delay of ‘the reference UE’, which is known or regarded as 0 if UE self-calibration is done.
Therefore, the total Rx/Tx timing delay of the TRP is easily solved according to this simple equation. Similarly, Rx/Tx timing delay of other TRPs can be mitigated.
UE Rx/Tx timing delay mitigating
After TRP Rx/Tx timing delay calibration is completed, we can further mitigate the Rx/Tx timing delay on the UE side using differential method.
We select a UE and 4 TRPs as an example. The TRP Rx/Tx timing delay is known, but the location of the UE is unknown. Based on equation (4), the system of equations for RTT values can be written as:

(8)


Then we take  as a reference and make the differential calculation (which can also be called ‘differential RTT method’) to eliminate the common Rx/Tx error on the UE side. The system of equations can be further written as

(9)

where
· represents the RTT values between the UE and TRPs, based on the Rx-Tx measurements from the UE and TRPs.
·  represents the propagation time delay between the UE and TRPs, which are unknown. 
· For example, we use unknown {x, y, z} to represent the coordinates of the UE and known {,,} to represent the coordinate of TRP1, then  can be written as:

similarly, 



where  is the speed of light.
·  represents the total Rx/Tx timing delay of TRPs respectively, which are known values based on the calibration of section 2.1.1.
·  is the total Rx/Tx timing delay of the UE, which is an unknown quantity for each UE.
This system of equations (9) is similar to the equations of TDOA, which is also a solvable nonlinear system of equations, so we can use the same method of solving TDOA equations to solve this system of equations and get the coordination of the UE.
Summary of differential method
We mitigate TRP and UE Rx/Tx timing delays using differential method in 2 steps. 
In the first step, we use ‘the reference UE’ to assist calibration of the TRP Rx/Tx timing delay.
‘The reference UE’ should be introduced. On one hand, ‘the reference UE’ can measure/transmit positioning signals from/to multiple TRPs and report the measurement results to the LMF as normal UEs. On the other hand, the accurate and reliable location of ‘the reference UE’ should be known by the LMF or the UE itself. For instance, it should have the capability to obtain its own location and be able to report the location to the LMF. One simple way to report its location is to carry the location information along with measurement results in the measurement report.
Then according to the measurements report from ‘the reference UE’ and related gNBs, the LMF can calculate the Rx/Tx timing delay of each TRP.
For UE-assisted positioning, the LMF can directly subtract Rx/Tx timing delay of TRPs from the measurement results sent by gNBs during location calculation. For UE-based positioning, the LMF should transmit the calibrated Rx/Tx timing delay of TRPs to the UE, and then the UE subtract these values for further location estimation. In addition, the LMF may also transmit the calibrated Rx/Tx timing delay of TRPs to the gNBs, so that the gNB may use the calibrated Rx/Tx timing delay when determining certain measurement result.
To obtain high estimation accuracy, in addition to ensure very accurate and reliable location of ‘the reference UE’, it is better to ensure that there is a LOS link between ‘the reference UE’ and the TRP being calibrated. Therefore, in order to accurately estimate the Rx/Tx timing delay of all TRPs in one deployment scenario, using multiple ‘reference UEs’ may be needed. For scenarios where fewer TRPs are deployed or LOS links are sufficient such as indoor factory scenarios, fewer ‘reference UEs’ can guarantee the accuracy of the estimation and bring lower overhead.  For scenarios where many TRPs are deployed or LOS links are insufficient such as UMa scenario, more ‘reference UEs’ may be needed, which leads to large overhead. However, to a certain extent, the large overhead can be solved according to the mobility of the UE. For example, ‘the reference UE’ can establish LOS connections with more TRPs and increase effective coverage by moving.
In addition to calibration of the TRP Rx/Tx timing delay, ‘the reference UE’ can also be used for other timing errors mitigating such NLOS, multi-path mitigating. In an industrial factory, the NLOS of UEs in the adjacent area can be assumed to be similar. The measurement results of ‘the reference UE’ can be used to calculate the NLOS error or other timing measurement error by comparing its’ real location with the estimated location, then the NLOS error or other timing measurement error can be provided to the nearby UEs to compensate for the error accordingly.
Furthermore, ‘the reference UE’ can also be used for angle error calibration. There are some factors that can cause angle estimation errors in angle-based methods. For example, in DL-AoD positioning, the gNB may report the azimuth/zenith angle of the beams characterized with unknown errors, which can eventually lead to a decrease in location estimation as observed in our simulation results in our contribution [4]. Therefore, these ‘beam orientation errors’ should also be calibrated to increase the performance of DL-AoD method. From our point of view, ‘reference UE’ based method can also be considered, since the ideal UE location and angle information can help the LMF or gNB to estimate the error or the error model, and further eliminate or mitigate the impact of this error in other measurements. Similar angle errors also exist in AoA measurement, and we can still use ‘reference UE’ based methods to solve such problems. 
Observation 1: 
· ‘The reference UE’ can be used in differential method to assist calibration of the TRP Rx/Tx timing delay. 
Observation 2: 
· For scenarios where few TRPs are deployed or LOS links are sufficient such as indoor factory scenarios, fewer ‘reference UEs’ can guarantee the accuracy of the estimation and bring less overhead.
· For scenarios where many TRPs are deployed or LOS links are insufficient such as UMa scenario, more ‘reference UEs’ may be needed, which leads to large overhead. However, to a certain extent, the large overhead can be solved according to the mobility of the UE.
Observation 3: 
· In addition to calibration of the TRP Rx/Tx timing delay, ‘the reference UE’ can also be used for mitigating other timing errors such as NLOS, multi-path impact, etc.
Observation 4: 
· In addition to timing errors mitigating, ‘the reference UE’ can also be used for angle error calibration in DL-AoD and UL-AoA method.
In the second step, after eliminating the TRP timing error, we use the ‘differential RTT method’ to eliminate the common Rx/Tx timing error on the UE side.
‘Differential RTT method’ to mitigate UE Rx/Tx timing delay is the LMF or the UE implementation, which has no specification impact.
Observation 5: 
· ‘Differential RTT method’ to mitigate UE Rx/Tx timing delay is the LMF or the UE implementation.
AoA-based Rx/Tx timing delay mitigating method
As we know, the Rx/Tx timing delay only impacts on the timing-based positioning technique. AoA positioning accuracy is not affected by the Rx/Tx Transmission delays. AoA-based Rx/Tx timing delay mitigating method can include the following steps: 
· Firstly, the LMF obtains the Rx-Tx measurements and the AoA measurements from gNBs. 
· Secondly it estimates the UE’s location according to gNBs AoA measurements.
· Then based on the estimated UE’s location and the differential method in section 2.1.1, the LMF obtains Rx/Tx timing delay on the TRP side. The difference from the differential method in section 2.1.1 is that here we use the estimated UE location, while in section 2.1.1 we use the known UE location.
· Finally, the calibrated Rx/Tx timing delay is applied to estimating location of other UEs.
As the accuracy of AoA positioning estimation improves, the Rx/Tx timing delay estimation becomes more accurate. When measuring AoA, we combine timing information to get more accurate AoA results, whose details are discussed in our companion contribution [2].
In Figure2 below, it can be seen that the Rx/Tx timing delay of TRP can be estimated by AoA-assisted method, but the accuracy is worse than the ‘reference UE’ based differential method. However, in terms of overhead, the AoA-based method has lower overhead. Note: when gNB measures AoA, only one Rx panel is assumed.
AoA-based Rx/Tx delay mitigating method may need some gNBs to measure AoA of certain UEs and report these measurements to the LMF for location estimation. In addition, the Rx-Tx measurements of these UEs and corresponding gNBs are also required for further Rx/Tx timing delay mitigating on the gNB side. In some cases, the gNB can measure AoA while measuring Rx-Tx measurement, and report these measurements to the LMF together. Therefore, in this case, AoA-based timing delay mitigating method can also be called RTT+AoA hybrid positioning method. The LMF can select certain UEs and request additional AoA measurements in addition to the Rx-Tx measurements from the corresponding gNBs.
For scenarios with limited deployment of ‘the reference UE’ or scenarios where accuracy requirements are not particularly high such as UMa scenario, the AoA-based method is a suitable solution. 
Observation 6: 
· For scenarios with limited deployment of ‘the reference UE’ or scenarios where accuracy requirements are not particularly high such as UMa scenario, the AoA-based method is a suitable solution.
Summary of methods for Rx/Tx timing delay mitigating
We evaluate the performance of the ‘reference UE’ based differential positioning method and AoA-based method as in Figure2. In addition, we also list 3 other cases for comparison, wherein ‘differential RTT’ is a method to perform differential operation between the RTT measurements of the UE and different TRPs, which can eliminate the common Rx/Tx timing delay, but residual error still exists; ‘no Rx-Tx timing error’ is the ideal case without Rx/Tx timing delay; ‘gNB 5ns, UE 0.5ns’ represents the case with Rx/Tx timing delay. 
[image: ]
Figure2 Rx-Tx timing error reduced by different methods
It can be seen that all ‘reference UE’ based differential positioning method, AoA-based method and differential RTT method can mitigate Rx/Tx timing delay. The ‘reference UE’ based method has the best performance, so that it is suitable for scenarios with high accuracy requirements, however the overhead is larger which is not friendly to scenarios where many TRPs are deployed or LOS links are insufficient as discussed in section 2.1.3. The AoA-based method has the middle performance and the overhead is smaller, however due to the performance depends on measurement accuracy of AoA, high accuracy estimation of Rx/Tx timing delay cannot be always guaranteed, so that it is more suitable for scenarios where accuracy requirements are not particularly high, which can be a good supplement to the ‘reference UE’ based method as discussed in section 2.2. Differential RTT method has the worst performance due to it only reduces the common Rx/Tx timing delay and cannot eliminate total Rx/Tx timing delay. This method is more suitable as an implementation method to assist other methods, e.g. to assist UE Rx/Tx timing delay mitigating in ‘reference UE’ based differential method as discussed in section 2.1.2. 
In addition to the methods above, there are some other methods for Rx/Tx timing delay mitigating proposed by companies.
One method is inter-gNB Rx/Tx timing delay calibration. Each gNB node can transmit/receive signals to/from any other gNB node in the network, and each gNB node can estimate a propagation time delay with any other gNB node in the network. However, since the sector of the BS has a certain downward tilt angle which is assumed to be basically fixed, we are not sure whether an effective air interface connection can be established between the BSs, especially the air interface connection of LOS. In addition, if there are more obstructions among multiple BSs, sufficient LOS connections cannot be obtained between multiple BSs, and furthermore, multiple BSs cannot be calibrated. Due to the fixed location of the BS, this problem will always exist. Moreover, since current gNB is not allowed to measure PRS, once inter-gNB Rx/Tx timing delay is applied, all the gNBs or TRPs in a certain scenario are required to measure PRS, and the overhead of signaling interaction is relatively large.
Another method is UE self-calibration. The UE may calibrate its own group delays by transmit/receive signals within UL gaps. However, based on current RAN4 conclusion, we are not sure Rx/Tx timing delay calibration is within the scope and whether RAN4 will research and standardize group delay calibration in this WI. Therefore, whether the UE can realize self-calibration and the reliability of self-calibration for Rx/Tx timing delay mitigating are still unclear.
Therefore, based on the discussion above, we propose that,
Proposal 1: 
· ‘Reference UE’ based differential positioning method should be supported to assist UE and gNB Rx/Tx timing delay mitigating.
· ‘The reference UE’ can measure/transmit positioning signals from/to multiple TRPs and report the measurement results to the LMF as normal UEs
· The accurate and reliable location of ‘the reference UE’ should be known by the LMF and the UE itself
Proposal 2: 
· AoA-based RX/TX timing delay mitigating method should be considered as an alternative method to ‘reference UE’ based differential positioning method.
Rx/Tx timing delay mitigating for angle-based method
The phase error caused by Rx/Tx timing delay will also affect the angle-based positioning. In this section, we discuss how Rx/Tx timing error affects UL-AoA and DL-AoD method.
Firstly, we take UL-AoA method as an example. 
It's worth noting that when measuring AoA, the angle is obtained according to the same phase difference of adjacent antenna elements in an antenna array. However, in actual scenarios, due to the Rx timing delay on the gNB side, it cannot be guaranteed that the phase difference between adjacent antennas is the same when receiving signals. This is because the gNB may use a large antenna array composed of multiple TXRU antennas (or Rx panels) when receiving signals. However, for different TXRUs, Rx group delays are generated independently, so that the phase difference consistency of antennas belonging to different TXRUs is destroyed, which leads to lower AoA estimation accuracy.
We evaluate the case in Figure3 where all antenna elements in 2 TXRUs have the same Rx group delay, and where antenna elements associated to different TXRUs have the different group delays (for each TXRU, same Rx group delay is applied to all antennas; 2 TXRUs are not the 2 TXRUs corresponding to different polarization; 2 Rx panels corresponding to the 2 TXRUs are adjacent). 
[image: ]
Figure3 AoA estimation by 2 TXRUs with the same Rx timing error and different Rx timing errors
From the above results, we can see that when all antenna elements in a panel have the same Rx group delay, it has no influence on AoA performance, that’s because the phase difference consistency of antennas belonging to different TXRUs is ensured. But when Rx group delay of different TXRUs is different, the phase difference consistency of antennas belonging to different TXRUs is destroyed, so that the performance decreases significantly. 
Observation 7: 
· When the gNB measuring AoA using a large antenna array composed of multiple TXRU antennas (or RX panels), independent Rx group delays in different TXRUs lead to lower AoA accuracy.
Similarly, Rx/Tx timing delay may also affect DL-AoD method.
To improve the accuracy of DL-AoD method, the gNB may use a large antenna array composed of multiple TXRU antennas (or Tx panels) when generating Tx beams. For example, by applying analog DFT coefficients to all the antennas within each TXRU, the same analog beam across TXRUs is generated; then by applying digital DFT coefficients to multiple TXRUs, a finer (digital) beam is generated based on the analog beam. When the DFT phase relationship between multiple TXRUs is satisfied, the beamforming effect can be produced.
However, for different TXRUs, Tx group delays are generated independently, so that random phase errors will be applied on each TXRU, and the DFT phase relationship of different TXRUs is destroyed. Therefore, the expected beam pattern is destroyed which makes DL-AoD positioning method not work properly.
We evaluate the case in Figure 4 where all antenna elements in 2 TXRUs have no common phase error, and where antenna elements associated to 2 TXRUs have different common phase errors (random phase errors), all antenna elements in 2 TXRUs are used to generate a beam. It can be observed that the expected beam pattern is destroyed when different common phase errors is applied between different TXRUs.  Not only the direction of the main lobe is shifted, the power of the side lobes will also increase.
[image: ][image: ] 
Figure4 beam pattern of different common phase errors applied to TXRUs
Observation 8: 
· When the gNB generating Tx beams using a large antenna array composed of multiple TXRU antennas (or RX panels), independent Tx group delays in different TXRUs may lead to unexpected beam pattern, which makes DL-AoD positioning method not work properly.
Two options can be used for mitigating the impact of Rx/Tx timing delay on angle-based methods. One option is to limit to only one TXRU (or panel) used by the gNB in the angle-based method. Another option is to calibrate Rx/Tx timing delays of each TXRU (or panel) before the gNB measures AoA or generates Tx beams, if a large antenna array composed of multiple TXRU antennas (or panels) is used for angle-based positioning method. For example, the LMF can transmit calibrated Rx/Tx timing delay to the gNB before gNB measures AoA or generates Tx beams. Comparing with the 2 options above, our preference is the first option. On one hand, this is the simplest option to avoid Rx/Tx timing delay from effecting angle estimation; on the other hand, it matches the evaluation assumption as below, which has been proven to be feasible in Rel-17 positioning. 
	gNB antenna configuration
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ 
	(M, N, P, Mg, Ng) = (4, 8, 2, 1, 1), dH=dV=0.5λ – Note 1
One TXRU per polarization per panel is assumed


Therefore, we propose that
Proposal 3: 
· To avoid Rx/Tx timing delay from affecting angle estimation for DL-AoD and UL-AoA method, support to limit to only one TXRU (or panel) used by the gNB for positioning.
Conclusion
In this contribution, we discuss methods for Rx/Tx timing mitigating with the following observations and proposals.
Observation 1: 
· ‘The reference UE’ can be used in differential method to assist calibration of the TRP Rx/Tx timing delay. 
Observation 2: 
· For scenarios where few TRPs are deployed or LOS links are sufficient such as indoor factory scenarios, fewer ‘reference UEs’ can guarantee the accuracy of the estimation and bring less overhead.
· For scenarios where many TRPs are deployed or LOS links are insufficient such as UMa scenario, more ‘reference UEs’ may be needed, which leads to large overhead. However, to a certain extent, the large overhead can be solved according to the mobility of the UE.
Observation 3: 
· In addition to calibration of the TRP Rx/Tx timing delay, ‘the reference UE’ can also be used for mitigating other errors such as NLOS, multi-path impact, etc.
Observation 4: 
· In addition to timing errors mitigating, ‘the reference UE’ can also be used for angle error calibration in DL-AoD and UL-AoA method.
Observation 5: 
· ‘Differential RTT method’ to mitigate UE Rx/Tx timing delay is the LMF or the UE implementation.
Observation 6: 
· For scenarios with limited deployment of ‘the reference UE’ or scenarios where accuracy requirements are not particularly high such as UMa scenario, the AoA-based method is a suitable solution.
Observation 7: 
· When the gNB measuring AoA using a large antenna array composed of multiple TXRU antennas (or RX panels), independent Rx group delays in different TXRUs lead to lower AoA accuracy.
Observation 8: 
· When the gNB generating Tx beams using a large antenna array composed of multiple TXRU antennas (or RX panels), independent Tx group delays in different TXRUs may lead to unexpected beam pattern, which makes DL-AoD positioning method not work properly.
Proposal 1: 
· ‘Reference UE’ based differential positioning method should be supported to assist UE and gNB Rx/Tx timing delay mitigating.
· ‘The reference UE’ can measure/transmit positioning signals from/to multiple TRPs and report the measurement results to the LMF as normal UEs
· The accurate and reliable location of ‘the reference UE’ should be known by the LMF and the UE itself
Proposal 2: 
· AoA-based RX/TX timing delay mitigating method should be considered as an alternative method to ‘reference UE’ based differential positioning method.
Proposal 3: 
·  To avoid Rx/Tx timing delay from affecting angle estimation for DL-AoD and UL-AoA method, support to limit to only one TXRU (or panel) used by the gNB for positioning.
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