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Introduction
The RAN WG1 agreed to study the specification impact for enabling a reference device to perform measurements and reporting of timing related parameters and support gNB and UE TX/RX timing errors calibration. The reference device has known location and can be a reference UE and/or reference gNB/TRP.
The details of the signaling and measurements related to the TX and RX timing delays, the reporting format of the device location information, as well as the precision to which location of the reference device is known is still under discussion and should be further studied.
The definition of TX and RX timing errors and the Timing Error Group (TEG) were introduced for the purpose of discussion. The TEG is associated with one or more UL SRS for positioning and/or DL PRS resources, which have similar TX or RX timing errors within a certain margin. 
The following agreement was included into the chairman’s notes, [1]:
	· 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 signaling, 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


In this contribution, we consider an impact of the UE and gNB TX/RX timing errors on the accuracy of the timing-based positioning methods (DL-TDOA, UL-TDOA, and Multi-RTT) and propose methods to calibrate the UE and gNB with the multi-TEG TX/RX timing errors using reference device with a known location. 
Our view on enhancements for the angle-based positioning techniques can be found in our companion contributions [2] - [3].
TX/RX Timing Errors Calibration Using Reference Device
Timing Errors Impact on NR Positioning Methods
In this section, we analyse an impact of the TX/RX timing errors on the accuracy of DL-TDOA, UL-TDOA, and Multi-RTT positioning methods using multiple Timing Error Groups (TEGs) for transmission and reception.
We consider an example of ith gNB or Transmission Reception Points (TRP) with known coordinates (xi, yi, zi) (see Figure 1), where gNBi node has an internal TX timing error – eTX,ili for the lith TEG and RX timing error – eRX,iki for the kith TEG. The total TX+RX timing error of the gNBi can be found as a sum of the transmit and receive timing errors as eili,ki = eTX,ili + eRX,iki. 
A UE has its own internal TX timing error – eTX,UEmi for the mith TEG (used for transmission to gNBi) and RX timing error – eRX,UEni for the nith TEG (used for reception from gNBi). The total TX+RX timing error of a UE can be found as a sum of the TX and RX timing errors as eUEmi,ni = eTX,UEmi + eRX,UEni. 


[bookmark: _Ref60765165]Figure 1: Example of timing measurements between UE and ith gNB/TRP
In case of the DL-based methods, the gNBi sends a reference signal to a UE, and the propagation time ti-UEli,ni can be represented in the form:
	
,
	[bookmark: _Ref60819805](1)


where TUE,i is the unknown reference propagation time, eTX,ili is the gNBi TX timing error for the lith TEG, and eRX,UEni is the UE RX timing error for the nith TEG. 
In case of the UL-based methods, a UE sends a reference signal to the gNBi, and the propagation time tUE-imi,ki can be represented in the form:
	
,
	[bookmark: _Ref60819811](2)


where TUE,i is the unknown reference propagation time, eTX,UEmi is the UE TX timing error for the mith TEG, and eRX,iki is the gNBi RX timing error for the kith TEG.
Below, we consider the impact of timing errors for each timing-based positioning method defined in the NR.

DL-TDOA Positioning Method
The DL-TDOA positioning method performs the time difference measurements in the form:

	
,
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where (TUE,i – TUE,j) is the propagation time difference between a UE and the gNBi and gNBj, (eTX,ili – eTX,jlj) is the TX timing error difference of gNBi with the lith TEG and gNBj with the ljth TEG, and (eRX,UEni – eRX,UEnj) is the RX timing error difference of the nith and njth UE TEGs. 


The gNB TX timing error difference degrades performance of the DL-TDOA positioning method
The UE RX timing error difference may affect the DL-TDOA positioning method, if UE uses different TEGs for different gNBs/TRPs

UL-TDOA Positioning Method
The UL-TDOA positioning method performs the time difference measurements in the form:
	
,
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where (TUE,i – TUE,j) is the propagation time difference between a UE and the gNBi and gNBj (RTOA difference) and (eRX,iki – eRX,jkj) is the RX timing error difference of gNBi with the kith TEG and gNBj with the kjth TEG, and (eTX,UEmi – eTX,UEmj) is the RX timing error difference of the mith and mjth UE TEGs. 


The gNB RX timing error difference degrades performance of the UL-TDOA positioning method
The UE TX timing error difference may affect the UL-TDOA positioning method, if UE uses different TEGs for different gNBs/TRPs

Multi-RTT Positioning Method
The Multi-RTT positioning method performs time measurements in the form:
	
,
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where TUE,i is the propagation time between a UE and the gNBi, eUEmi,ni is the UE total (TX+RX) timing error for the mith TX and nith RX TEGs, and eili,ki is the gNBi total (TX+RX) timing error for the lith TX and kith RX TEGs. The estimation accuracy of the Multi-RTT positioning method depends on total UE and gNB timing errors.


The Multi-RTT positioning method timing error depends on both UE and gNB total (TX+RX) timing errors

Multi-RTT Time Difference Positioning Method
The Multi-RTT time difference positioning method performs the difference of Multi-RTT measurements (i.e. of mRTTj and mRTTj as defined in (5)):
	
,
	(6)


where (TUE,i – TUE,j) is the propagation time difference between a UE and the gNBi and gNBj and (eili,ki – ejlj,kj) is the total timing error difference of gNBi and gNBj, and (eUEmi,ni – eUEmj,nj) is the total timing error difference for the (mi, ni)th and (mj, nj)th UE TEGs.


The timing error for the multi-RTT time difference method depends on the gNB total (TX+RX) timing error difference
The timing error for the multi-RTT time difference method depends on the UE total (TX+RX) timing error difference, if UE uses different TEGs for different gNBs/TRPs

Next section describes the estimation of TX/RX timing errors at the gNB and UE for timing-based NR positioning methods using estimations obtained with the reference device.

Multi-TEG gNB/TRP Calibration
Let’s consider an example of three gNBs (or TRPs) with known coordinates (xi, yi, zi) as shown in Figure 2, where each gNBi has an internal TX timing error - eTX,ili for the lith TEG and RX timing error - eRX,iki for the kith TEG. 
We introduce a Reference Device (RD), which is used to calibrate (estimate) the TX and RX TRP timing errors. 
The RD has known coordinates (xRD, yRD, zRD) and may have its own non-zero internal TX timing error – eTX,RDmi for the mith TEG (used for transmission to gNBi) and RX timing error – eRX,RDni for the nith TEG (used for reception from gNBi). The total TX+RX timing error of RD can be found as a sum of the TX and RX timing errors as eRDmi,ni = eTX,RDmi + eRX,RDni. 

[bookmark: _Ref67134917]Figure 2: Example of timing measurements between three gNBs/TRPs and Reference Device (RD) with known location

First, the gNBi sends a reference signal to the RD, where the propagation time ti-RDli,ni can be represented in the form:
	
,
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where TRD,i is the known propagation time (calculated based on the known gNBi and RD coordinates), eTX,ili is the gNBi TX timing error for the lith TEG, and eRX,RDni is the RD RX timing error for the nith TEG. 
Second, they interchange the roles and now the RD sends a reference signal to the gNBi, where the propagation time tRD-imi,ki, can be represented in the form:
	
,
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where TRD,i is the known propagation time (calculated based on the known gNBi and RD coordinates), eTX,RDmi is the RD TX timing error for the mith TEG, and eRX,iki is the gNBi RX timing error for the kith TEG.
In (7) and (8), we assume that the RD does not change the TX and RX TEGs, while performing measurements with the gNB0, gNB1, and gNB2. In that case all equations will be affected by the same TX timing error eTX,RDm and the same RX timing error eRX,RDn, where indices (mi = m, ni = n) are constant and link independent.
If the timing errors eTX,RDm and eRX,RDn are small enough or equal to zero, then the associated error with the RD transmission and reception can be neglected. In general case, the RD may have some timing error margin. 
Below we consider the timing errors estimate for each timing-based positioning method, using the general equations defined in (7) and (8).

Solution for DL-TDOA Positioning Method
For the DL-TDOA positioning method, the solution for each TX timing error difference (eTX,ili – eTX,jlj) using (7) can be found in the form:
	
.
	(9)




If reference device uses the same RX TEGs for reception with different gNBs/TRPs, then the gNBs/TRPs TX timing error difference can be estimated with no impact from the timing errors of reference device

Solution for UL-TDOA Positioning Method
For the UL-TDOA positioning method, the solution for each RX timing error difference (eRX,iki – eRX,jkj) using (8) can be found in the form:
	
.
	(10)




If reference device uses the same TX TEGs for transmission with different gNBs/TRPs, then the gNBs/TRPs RX timing error difference can be estimated with no impact from the timing errors of reference device

Solution for Multi-RTT Positioning Method
For the Multi-RTT positioning method, the solution for the common timing error using (7) and (8) can be found in the form:
	
.
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7-A) If reference device uses the same TX and RX TEGs for transmission and reception with different gNBs/TRPs, then the estimated gNBs/TRPs total timing errors will have the same bias (identical for all gNBs/TRPs) equal to the total timing error of the reference device
7-B) This bias can be neglected, if the total timing error of reference device is small enough compared to other gNB/TRP/UE errors and meets the certain error margin requirement

Solution for Multi-RTT Time Difference Positioning Method
For the Multi-RTT time difference method, the solution for the common timing error difference using (11) can be found in the form:
	
.
	(12)




If reference device uses the same TX and RX TEGs for transmission and reception with different gNBs/TRPs, then the gNBs/TRPs total timing error difference can be estimated with no impact from the timing errors of reference device

Impact of NLOS Excess Propagation Delay
The multi-TEG gNB/TRP calibration procedure described above is performed in assumption that all links are the LOS links (i.e. LOS centric calibration solution). If one of the used TX/RX links in the calibration procedure is an NLOS link, then in addition to the timing errors (related to implementation), it might introduce an excess propagation delay caused by NLOS propagation phenomenon.
This issue is specifically important if reference device is defined as a reference UE. In that case, it may be located at the lower height (compared to the gNB/TRP) and therefore experience an NLOS propagation. 
To avoid the NLOS excess propagation delay estimation during calibration procedure and introduction of additional bias into the timing error estimate, the reference device needs to inform gNB/TRP and/or LMF, that the used link is essentially an NLOS link.
We propose that a reference device can report to the gNB/LMF its error margin per TEG if it uses multiple TEGs for transmission and reception. If error estimate between the measured propagation time and the reference time derived from the known RD and gNB/TRP coordinates exceeds the reported error margin, then it might be an indication that the link is an NLOS link.

Based of the above considerations we have the following proposals:


Support solution where reference device is a reference UE with known coordinates and a certain timing error margin specified for each TEG, if reference UE uses multiple TEGs for signals transmission and reception
· Note: the solution with a reference UE may benefit from reusing of the UL SRS and DL PRS structure, already defined in the specification

In case, if the gNB/TRP is considered as a reference device, then the calibration procedure can be left up to implementation and only reporting of the timing measurements can be supported from gNB/TRP to LMF, if necessary. 


Specify reporting format of reference device coordinates from a reference device to LMF/gNB


Specify reporting format of reference device timing error margin per TEG (if it uses multiple TEGs for transmission and reception) from a reference UE to LMF/gNB

[bookmark: _Hlk53490431]
Support TX/RX timing errors measurement report signaling from gNB/TRP to LMF and/or reference device to LMF, including the following information/measurements:
· For the DL-TDOA positioning method, report time difference value (RSTD) (ti-RDli,n – tj-RDlj,n) between the ith gNB/TRP with the lith TX TEG and the reference device with the nth RX TEG and the jth gNB/TRP with the ljth TX TEG and the reference device with the nth RX TEG
· For the UL-TDOA positioning method, report time difference value (RTOA) (tRD-im,ki – tRD-jm,kj) between the reference device with the mth TX TEG and the ith gNB/TRP with the kith RX TEG and the reference device with the mth TX TEG and the jth gNB/TRP with the kjth RX TEG
· For the Multi-RTT positioning method, report RX-TX time difference for the ith gNB with the lith TX TEG and the kith RX TEG and the RX-TX time difference for the reference device with the mth TX TEG and the nth RX TEG


Support introduction of gNB/TRP TX TEG ID associated with the DL PRS Resource ID (or multiple IDs) and/or DL PRS Resource Set ID (or multiple IDs)


Support introduction of UE TX TEG ID associated with the SRS Resource ID (or multiple IDs) and/or SRS Resource Set ID (or multiple IDs)


Support introduction of TX/RX TEG IDs associated with the measurement using the following format:
(TRP TX TEG ID #1, TRP TX TEG ID #2, UE RX TEG ID #1, UE RX TEG ID #2) – associated with the RSTD measurement
Note: TRP TX TEG ID #1 and TRP TX TEG ID #2 reporting may not be needed, if association with the DL PRS Resources is introduced
(UE TX TEG ID #1, UE TX TEG ID #2, TRP RX TEG ID #1, TRP RX TEG ID #2) – associated with the RTOA measurement
Note: UE TX TEG ID #1 and UE TX TEG ID #2 reporting may not be needed, if association with the UL SRS Resources is introduced
(TRP TX TEG ID, UE RX TEG ID), (UE TX TEG ID, TRP RX TEG ID) – associated with the RX-TX time difference measurement
Note: TRP TX TEG ID and UE TX TEG ID reporting may not be needed, if association with the DL PRS Resource and UL SRS Resource is introduced

Multi-TEG UE Calibration 
Let’s consider an example of UE performing timing measurements with the ith gNB/TRP using multiple TEGs as shown in Figure 1. The UE has an internal TX timing error – eTX,UEmi for the mith TEG and RX timing error – eRX,UEni for the nith TEG. The total TX+RX timing error of UE can be found as a sum of the TX and RX timing errors as eUEmi,ni = eTX,UEmi + eRX,UEni.

Solution for DL-TDOA Positioning Method
For the DL-TDOA positioning method, the RX timing error difference (eRX,UEni – eRX,UEnj) of the nith and njth UE TEGs need to be estimated. It can be done by subtracting of two propagation time equations with the iith gNB/TRP TX TEG and two nith and njth UE RX TEGs:
	
.
	(13)


The estimated RX timing error difference (eRX,UEni – eRX,UEnj) can be found as:
	
,
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where ti-UEli,ni is the propagation time between the lith TEG of gNB and the nith TEG of UE and ti-UEli,nj is the propagation time between the lith TEG of gNB and the njth TEG of UE. 


If the ith gNB/TRP uses the same TX TEG for transmission with the different RX TEGs of the UE, then the UE RX timing error difference can be estimated with no impact from the timing errors of gNB/TRP

Solution for UL-TDOA Positioning Method
For the UL-TDOA positioning method, the TX timing error difference (eTX,UEmi – eTX,UEmj) of the mith and mjth UE TEGs need to be estimated. It can be done by subtracting of two measurements performed with the ith gNB/TRP RX TEG and two nith and njth UE RX TEGs:
	
.
	(15)


The estimated total timing error difference (eTX,UEmi – eTX,UEmj) can be found as:
	
,
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where tUE-imi,ki is the propagation time measured between the mith TEG of UE and the kith TEG of gNB and tUE-imj,ki is the propagation time measured between the mith TEG of UE and the kith TEG of gNB. 


If the ith gNB/TRP uses the same RX TEG for reception with the different TX TEGs of the UE, then the UE TX timing error difference can be estimated with no impact from the timing errors of gNB/TRP

Solution for Multi-RTT Time Difference Positioning Method
For the Multi-RTT time difference positioning method, the TX timing error difference (eTX,UEmi – eTX,UEmj) of the mith and mjth UE TEGs in (16) can be summed up with the RX timing error difference (eRX,UEni – eRX,UEnj) of the nith and njth UE TEGs in (14) to obtain the total timing error difference:
	
,
	(17)


The estimated total timing error difference (eUEmi,ni – eUEmj,nj) can be found as:
	
,
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where tUE-imi,ki is the propagation time measured between the mith TEG of UE and the kith TEG of gNB, tUE-imj,ki is the propagation time measured between the mjth TEG of UE and the kith TEG of gNB, ti-UEli,ni is the propagation time measured between the lith TEG of gNB and the nith TEG of UE, and ti-UEli,nj is the propagation time measured between the lith TEG of gNB and the njth TEG of UE.


If the ith gNB/TRP uses the same TX and RX TEGs for transmission and reception with different TX and RX TEGs of the UE, then the UE total timing error difference can be estimated with no impact from the timing errors of the ith gNB/TRP

Solution for Multi-RTT Positioning Method
For the Multi-RTT positioning method, one of the TX and RX TEGs can be considered as a reference. Without loss of generality, let’s assume that the reference TEG has TX and RX indexes (r, v). In that case a total timing errors with indexes (mi, ni) ≠ (r, v) can be represented using error eUEr,v and (18) as follows:
	
.
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Substituting (11) and (19) into (5), we can get the following
	
.
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If the ith Multi-RTT measurement is corrected as follows: 
	
,
	(21)


then the corrected value can be represented as:
	
.
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As follows from (22), all measurements have the same bias, equal to:
	
.
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The common bias can be estimated using a two-stage procedure. 

Two-Stage Procedure for Bias Compensation
At the first stage, we apply a Multi-RTT time difference method to estimate the UE coordinates. Using found UE coordinates, it is possible to estimate the distance and thus the corresponding propagation time T’UE,i from UE to gNBi.
Then the bias in (22) can be estimated by averaging of the time difference observations over different gNBs/TRPs:
	
,
	(24)


where mRTTi’ is introduced as defined in (22) and N denotes the total number of links used in the estimation.
At the second stage, we use the estimated bias and compensate it in (22). Then the Multi-RTT positioning procedure can be executed again to enhance the performance accuracy of Multi-RTT time difference method, applied at the first stage. 
The procedure can be repeated several times in iterative fashion to improve the positioning accuracy. 


For the Multi-RTT positioning method after application of calibration procedure considered above, all round-trip measurements will be affected by the same bias, which is a difference of the total UE and reference device timing errors

Based of the above considerations we have the following proposal:


Support TX/RX timing errors measurement report signaling from gNB/TRP to LMF and/or UE to LMF, including the following information/measurements:
· For the DL-TDOA positioning method, report time difference value (ti-UEli,ni – ti-UEli,nj) between the ith gNB/TRP with the lith TX TEG and the UE with the nith RX TEG and the ith gNB/TRP with the lith TX TEG and the UE with the njth RX TEG
· For the UL-TDOA positioning method, report time difference value (tUE-imi,ki – tUE-imj,ki) between the UE with the mith TX TEG and the ith gNB/TRP with the kith RX TEG and the UE with the mjth TX TEG and the ith gNB/TRP with the kith RX TEG
· For the Multi-RTT positioning method, report RX-TX time difference for the ith gNB with the lith TX TEG and the kith RX TEG and the RX-TX time difference for the UE with the mith TX TEG and the nith RX TEG

Conclusions
In this contribution, we have provided method, measurements, reporting and signaling to support UE/gNB TX/RX timing errors estimation and compensation. In summary, we have following list of proposals:

Proposal 1:
Support solution where reference device is a reference UE with known coordinates and a certain timing error margin specified for each TEG, if reference UE uses multiple TEGs for signals transmission and reception
· Note: the solution with a reference UE may benefit from reusing of the UL SRS and DL PRS structure, already defined in the specification

Proposal 2:
Specify reporting format of reference device coordinates from a reference device to LMF/gNB

Proposal 3:
Specify reporting format of reference device timing error margin per TEG (if it uses multiple TEGs for transmission and reception) from a reference UE to LMF/gNB

Proposal 4:
Support TX/RX timing errors measurement report signaling from gNB/TRP to LMF and/or reference device to LMF, including the following information/measurements:
· For the DL-TDOA positioning method, report time difference value (RSTD) (ti-RDli,n – tj-RDlj,n) between the ith gNB/TRP with the lith TX TEG and the reference device with the nth RX TEG and the jth gNB/TRP with the ljth TX TEG and the reference device with the nth RX TEG
· For the UL-TDOA positioning method, report time difference value (RTOA) (tRD-im,ki – tRD-jm,kj) between the reference device with the mth TX TEG and the ith gNB/TRP with the kith RX TEG and the reference device with the mth TX TEG and the jth gNB/TRP with the kjth RX TEG
· For the Multi-RTT positioning method, report RX-TX time difference for the ith gNB with the lith TX TEG and the kith RX TEG and the RX-TX time difference for the reference device with the mth TX TEG and the nth RX TEG

Proposal 5:
Support introduction of gNB/TRP TX TEG ID associated with the DL PRS Resource ID (or multiple IDs) and/or DL PRS Resource Set ID (or multiple IDs)

Proposal 6:
Support introduction of UE TX TEG ID associated with the SRS Resource ID (or multiple IDs) and/or SRS Resource Set ID (or multiple IDs)

Proposal 7:
Support introduction of TX/RX TEG IDs associated with the measurement using the following format:
(TRP TX TEG ID #1, TRP TX TEG ID #2, UE RX TEG ID #1, UE RX TEG ID #2) – associated with the RSTD measurement
Note: TRP TX TEG ID #1 and TRP TX TEG ID #2 reporting may not be needed, if association with the DL PRS Resources is introduced
(UE TX TEG ID #1, UE TX TEG ID #2, TRP RX TEG ID #1, TRP RX TEG ID #2) – associated with the RTOA measurement
Note: UE TX TEG ID #1 and UE TX TEG ID #2 reporting may not be needed, if association with the UL SRS Resources is introduced
(TRP TX TEG ID, UE RX TEG ID), (UE TX TEG ID, TRP RX TEG ID) – associated with the RX-TX time difference measurement
Note: TRP TX TEG ID and UE TX TEG ID reporting may not be needed, if association with the DL PRS Resource and UL SRS Resource is introduced

Proposal #8:
Support TX/RX timing errors measurement report signaling from gNB/TRP to LMF and/or UE to LMF, including the following information/measurements:
· For the DL-TDOA positioning method, report time difference value (ti-UEli,ni – ti-UEli,nj) between the ith gNB/TRP with the lith TX TEG and the UE with the nith RX TEG and the ith gNB/TRP with the lith TX TEG and the UE with the njth RX TEG
· For the UL-TDOA positioning method, report time difference value (tUE-imi,ki – tUE-imj,ki) between the UE with the mith TX TEG and the ith gNB/TRP with the kith RX TEG and the UE with the mjth TX TEG and the ith gNB/TRP with the kith RX TEG
· For the Multi-RTT positioning method, report RX-TX time difference for the ith gNB with the lith TX TEG and the kith RX TEG and the RX-TX time difference for the UE with the mith TX TEG and the nith RX TEG
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