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Introduction
A new work item on the NR positioning enhancements in Rel-17 has been approved to address the higher location accuracy and the lower latency requirements of the new Industrial Internet of Things (I-IoT) applications and services, [1].
In order to achieve the required positioning accuracy defined for the I-IoT use cases, the UE and gNB TX/RX timing errors need to be handled. The related objectives were included into the WID:
	· Specify the methods, measurements, signalling, and procedures of mitigating UE RX/TX and/or gNB RX/TX timing errors for improving positioning accuracy of NR RAT dependent positioning [RAN1]


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 handle UE and gNB TX/RX timing errors.
Estimation and Compensation of TX/RX Timing Errors
[bookmark: _Ref60826006]Impact of Timing Errors 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.
Without loss of generality, we consider an example of three gNBs or Transmission Reception Points (TRPs) with known coordinates (see Figure 1), where each gNBi node has an internal TX timing error – eTX,i and RX timing error – eRX,i. The total TX+RX timing error of the gNBi can be found as a sum of the transmit and receive timing errors as ei = eTX,i + eRX,i. 
A UE has its own internal TX timing error – eTX,UE and RX timing error – eRX,UE. The total TX+RX timing error of a UE can be found as a sum of the TX and RX timing errors as eUE = eTX,UE + eRX,UE. 


[bookmark: _Ref60765165]Figure 1: Example of timing measurements between UE and three gNBs/TRPs

A UE performing the positioning needs to estimate the unknown propagation time between a UE and each gNBi denoted as TUE,i and highlighted in red in Figure 1. The estimation procedure is based on the propagation time measurements between a UE and each gNBi. 
In case of the DL-based methods, the gNBi sends a reference signal to a UE, which measures the propagation time ti-UE, that can be represented in the form:
	
,
	[bookmark: _Ref60819805](1)


where TUE,i is the unknown propagation time to be estimated, eTX,i is the gNBi TX timing error, and eRX,UE is the UE RX timing error. 
In case of the UL-based methods, a UE sends a reference signal to the gNBi, which measures the propagation time tUE-i, that can be represented in the form:
	
,
	[bookmark: _Ref60819811](2)


where TUE,i is the unknown propagation time to be estimated, eTX,UE is the UE TX timing error, and eRX,i is the gNBi RX timing error. The Multi-RTT combines both measurements (1) and (2) as a part of the estimate.
The summary of introduced parameters can be found in Table 1.

[bookmark: _Ref60819889]Table 1: Summary of introduced parameters
	· eTX,i – is the timing error at the TX side of the gNBi node
· eRX,i – is the timing error at the RX side of the gNBi node
· eTX,UE – is the timing error at the TX side of a UE
· eRX,UE – is the timing error at the RX side of a UE
· ei = eTX,i + eRX,i – is the total (TX+RX) timing error at the gNBi
· eUE = eTX,UE + eRX,UE – is the total (TX+RX) timing error at the UE
· TUE,i – is the propagation time between a UE and the gNBi to be estimated
· ti-UE = TUE,i + eTX,i + eRX,UE – is the measured time between the gNBi (transmitter) and a UE (receiver)
· tUE-i = TUE,i + eTX,UE + eRX,i – is the measured time between a UE (transmitter) and the gNBi (receiver)



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:
	
,
	(3)


where (TUE,i – TUE,j) is the propagation time difference between a UE and the gNBi and gNBj and (eTX,i – eTX,j) is the TX timing error difference of gNBi and gNBj. The UE RX timing error eRX,UE is cancelled out and does not affect measurements for DL-TDOA.

 
The UE RX timing error eRX,UE does not affect DL-TDOA positioning method

UL-TDOA Positioning Method
The UL-TDOA positioning method performs the time difference measurements in the form:
	
,
	(4)


where (TUE,i – TUE,j) is the propagation time difference between a UE and the gNBi and gNBj (RTOA difference) and (eRX,i – eRX,j) is the RX timing error difference of gNBi and gNBj. The UE TX timing error eTX,UE is cancelled out and does not affect measurements for UL-TDOA.


The UE TX timing error eTX,UE does not affect UL-TDOA positioning method

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, eUE is the UE total (TX+RX) timing error, and ei is the gNBi total (TX+RX) timing error. The estimation accuracy of the Multi-RTT positioning method depends on total UE and gNB (TX+RX) 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 (ei – ej) is the total timing error difference of gNBi and gNBj. The UE total timing error eUE is cancelled out and does not affect estimation in that case.


The Multi-RTT time difference method timing error does not depend on UE timing error and only depends on gNB timing errors

Next section describes the estimation of TX/RX timing errors at the gNB and UE for timing-based NR positioning methods.

Timing Errors Estimation
The estimation of TX/RX timing errors consists of two stages.
The first stage includes the network-based (or inter-gNB) timing errors estimation and reporting. The timing errors are computed between the gNB node pairs using the propagation time measurements, which are compared to the known reference propagation time derived from the known coordinates of gNBs (or TRPs). 
The second stage includes the total timing error estimate at the UE side (for the Multi-RTT positioning method). In that case, the timing errors are computed between the UE and each gNB (or TRP) of the network. This measurement relies on the assumption, that the associated network-based error has been estimated at the previous stage and can be potentially compensated to facilitate the UE side errors estimate.

gNB Timing Errors Estimation
Let’s consider an example of three gNBs (or TRPs) with known coordinates as shown in Figure 2, where each gNBi has an internal TX timing error - eTX,i and RX timing error - eRX,i. Additionally, the ideal propagation time Tij (highlighted in red) between each pair of gNBs with indexes i and j is known (computed based on the ideal knowledge of the gNB coordinates).

[bookmark: _Ref53578518]Figure 2: Example of network-based (inter-gNB) TX/RX timing errors estimation

Each gNB node can estimate a propagation time with any other gNB node in the network.
First, the gNBi sends a reference signal to the node gNBj, which estimates the propagation time ti-j. Second, they interchange the roles and now the gNBj sends a reference signal to the node gNBi, which results in the measurement of the propagation time tj-i. Based on the obtained time measurements, the system of propagation time equations can be written as:
	
,
	[bookmark: _Ref60823077](7)


where ti-j is the time measurement performed between the gNBi (transmitter) and gNBj (receiver), estimated at the gNBj, i.e. receiver side. The system of equations (7) can be written in a different form by moving the Tij to the right side of the equations:
	
,
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where Δti-j is the time difference between the observed (measured) value ti-j and the reference (known) value Tij of the propagation time, i.e. ∆ti-j = ti-j – Tij.
Below we consider the timing errors estimate for each timing-based positioning method, using the general system of equations defined in (8).

Solution for DL-TDOA Positioning Method
For the DL-TDOA positioning method, we apply a simple set of transformations to (8), where the fifth row is subtracted from the third row, the sixth row is subtracted from the first row, and the fourth row is subtracted from the second row. 
As a result, we obtain the solution for each TX timing error difference (eTX,i – eTX,j) as follows:
	
.
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The formulas (9) can be generalized in the form:
	
.
	(10)



Solution for UL-TDOA Positioning Method
For the UL-TDOA positioning method, we apply a simple set of transformations to (8), where the sixth row is subtracted from the fourth row, the fifth row is subtracted from the second row, and the third row is subtracted from the first row. 
As a result, we obtain the solution for each RX timing error difference (eRX,i – eEX,j) as follows:
	
,
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The formulas (11) can be generalized in the form:
	
.
	(12)



Solution for Multi-RTT Positioning Method
For the Multi-RTT positioning method, we apply a simple set of transformations to (8), where the first row is added to the second row, the third row is added to the fourth row, the fifth row is added to the sixth row. 
As a result, we get the following modified system of equations:
	
.
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We use the notation for the total timing error introduced in Table 1 to simplify (13) as follows:
	
.
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In the matrix form it can be written as:
	
,
	(15)


where, for the provided example, matrix A, error vector e, and the observation difference vector Δt can be introduced as:
	
.
	(16)


In the considered example, A is the 3 × 3 network matrix for the total timing error, it consists of zero and one elements, where ones correspond to the nodes used in the measurement and zeros for the nodes not used in the respective measurement. e is the 3 × 1 error vector, it consists of the total error values for each gNB node (or TRP). Δt is the 3 × 1 observation difference vector, where its elements represent a sum of differences between the observed (measured) value ti-j and the reference (known) value Tij and the observed value tj-i and the reference value Tji.
The introduced matrix A has a full rank of 3, therefore it is invertible, and the error vector estimate can be found as:
	
,
	(17)


where A-1 is the inverse 3 × 3 matrix of the original matrix A. In the provided example, it can be found as:
	
.
	(18)



UE Timing Error Estimation
As it was show in Section 2.1, the Multi-RTT positioning method in addition to the gNB total (TX+RX) timing errors ei, requires estimate of the UE total (TX+RX) timing error eUE.
A UE total timing error eUE can be estimated based on a two-stage procedure.
At the first stage, we apply the Multi-RTT time difference positioning method (see Section 2.1) to estimate UE coordinates. The Multi-RTT time difference positioning accuracy depends on the gNB total timing errors only. 
We apply the 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 a UE to each of the gNBi. Then the UE total timing error bias eUE/2 in (5) can be estimated by averaging of the time difference observations over different gNBs:
	
,
	(19)


where mRTTi is introduced as defined in (5) and ei is estimated using the network-based (or inter-gNB) procedure described above.
At the second stage, we use the estimated UE total timing error bias eUE/2 and along with the gNB ei total timing error compensate it in equation (5). Then the Multi-RTT positioning procedure can be executed again to enhance the performance accuracy of Multi-RTT time difference method. 
Next section describes information that needs to be reported to facilitate handling of timing errors at the Location Management Function (LMF) entity (NW-based positioning) and/or UE (UE-based positioning).

Reporting and Signaling
To facilitate an accurate time (distance) measurements we propose to specify the TX/RX timing errors measurement report and keep the protocol for implementation of the TX/RX timing measurement procedure as implementation specific.

In summary, we have the following set of proposals:


Inter-gNB (or TRP) calibration procedure to estimate TX/RX timing errors is left up to network implementation
Define gNB TX/RX timing errors measurement report formats to report the data from gNB to LMF (or gNB/LMF to UE)

For the gNB TX/RX timing errors measurement report signaling, we propose the following options:

[bookmark: _Hlk53490431](General solution targeting all timing-based positioning methods)
Support gNB TX/RX timing errors measurement report signaling from gNB to LMF (or gNB/LMF to UE), including the following information/measurements:
Alt.1:
Measured propagation time (ti-j) between gNBs
Reference propagation time (Tij) between ith and jth nodes (gNBs or TRPs) derived based on known gNB coordinates
Alt.2:
Difference of the above measurements, i.e. Δti-j = ti-j - Tij

(Targeting DL-TDOA)
Support gNB TX timing errors measurement report signaling from gNB to LMF (or gNB/LMF to UE), including the estimated timing error difference (ΔeTX,ij) between the TX timing error for the ith (eTX,i) and jth (eTX,j) nodes (gNBs or TRPs):
ΔeTX,ij = eTX,i - eTX,j (i.e. inter gNB Tx-Tx timing error difference)

(Targeting UL-TDOA)
Support gNB RX timing errors measurement report signaling from gNB to LMF (or gNB/LMF to UE), comprising the estimated timing error difference (ΔeRX,ij) between the RX timing error for the ith (eRX,i) and jth (eRX,j) nodes (gNBs or TRPs):
ΔeRX,ij = eRX,i – eRX,j (i.e. inter gNB Rx-Rx timing error difference)

(Targeting Multi-RTT)
Support gNB TX/RX timing errors measurement report signaling from gNB to LMF (or gNB/LMF to UE), including the total estimated timing error (ei) for the ith node (gNB or TRP) as a sum of the TX timing error (eTX,i) and RX timing error (eRX,i):
ei = eTX,i + eRX,i (i.e. gNB Tx+Rx timing error sum) 

As it is shown by evaluations in Section 2.4, the total TX+RX timing error at the UE side can be estimated and compensated by applying implementation specific methods under assumption that the gNB TX/RX timing errors are compensated.


Do not report the total UE TX+RX timing error and keep its estimation and compensation as implementation specific

Next section describes the simulation results obtained for the Multi-RTT positioning method.

[bookmark: _Ref60833762]Simulation Results
Figure 3 shows performance comparison for the Multi-RTT method in the InF-SH and InF-DH evaluation scenarios for the following cases:
· no TX/RX timing errors compensation (worst performance, solid line);
· Multi-RTT time difference (dashed line);
· Multi-RTT eUE compensation based on two-stage procedure (dash-dotted line);
· TX/RX timing error free case (ideal performance, dotted line).

In the provided simulation results, the timing errors at the TX and RX sides were modeled as independent identically distributed random variables, using truncated Gaussian distribution in the range [-2×X, +2×X]. At the gNB side, the X value was assigned equal to 5 ns and at the UE side it was equal to 10 ns.
	[image: ]
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	(a) InF-SH channel
	(b) InF-DH channel


[bookmark: _Ref53584383]Figure 3: Performance evaluation for Multi-RTT method with TX/RX timing errors

In the above analysis, we assume ideal estimation and compensation of the timing error (with no residual error) at the gNB side for the case, when compensation is applied. Therefore, the performance degradation is mainly caused by the residual timing error impact at the UE side. 
In case, if no compensation is applied, both gNB and UE timing errors deteriorate the performance. 

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:
Inter-gNB (or TRP) calibration procedure to estimate TX/RX timing errors is left up to network implementation 
Define gNB TX/RX timing errors measurement report formats to report the data from gNB to LMF (or gNB/LMF to UE)

For the gNB TX/RX timing errors measurement report signaling we propose the following options:

Proposal #2: (General solution targeting all timing-based positioning methods)
Support gNB TX/RX timing errors measurement report signaling from gNB to LMF (or gNB/LMF to UE), including the following information/measurements:
Alt.1:
Measured propagation time (ti-j) between gNBs
Reference propagation time (Tij) between ith and jth nodes (gNBs or TRPs) derived based on known gNB coordinates
Alt.2: 
Difference of the above measurements, i.e. Δti-j = ti-j - Tij

Proposal #3: (Targeting DL-TDOA)

Support gNB TX timing errors measurement report signaling from gNB to LMF (or gNB/LMF to UE), including the estimated timing error difference (ΔeTX,ij) between the TX timing error for the ith (eTX,i) and jth (eTX,j) nodes (gNBs or TRPs):
ΔeTX,ij = eTX,i - eTX,j (i.e. inter gNB Tx-Tx timing error difference)

Proposal #4: (Targeting UL-TDOA)

Support gNB RX timing errors measurement report signaling from gNB to LMF (or gNB/LMF to UE), comprising the estimated timing error difference (ΔeRX,ij) between the RX timing error for the ith (eRX,i) and jth (eRX,j) nodes (gNBs or TRPs):
ΔeRX,ij = eRX,i – eRX,j (i.e. inter gNB Rx-Rx timing error difference)

Proposal #5: (Targeting Multi-RTT)
Support gNB TX/RX timing errors measurement report signaling from gNB to LMF (or gNB/LMF to UE), including the total estimated timing error (ei) for the ith node (gNB or TRP) as a sum of the TX timing error (eTX,i) and RX timing error (eRX,i):
ei = eTX,i + eRX,i (i.e. gNB Tx+Rx timing error sum) 

Proposal #6:
Do not report the total UE TX+RX timing error and keep its estimation and compensation as implementation specific
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