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A new work item on NR positioning enhancements in Rel-17 was approved to address positioning with high accuracy and low latency requirements of the Industrial Internet of Things (IIoT) applications and services. In order to achieve the required positioning accuracy defined for the IIoT use cases, the UE and gNB TX/RX timing errors need to be handled. The related objectives were included into the WID [1]:
	· 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 discuss the impact of UE and gNB TX/RX timing delays on the accuracy of the timing-based positioning methods (DL-TDOA, UL-TDOA, and Multi-RTT) and propose the methods to mitigate UE and gNB TX/RX timing delays.
Impact of the timing delays
Positioning in NR requires high accuracy positioning, particularly for the industrial factory scenario (i.e., with 20 cm horizontal accuracy). However, the timing delay/error caused by the TRP and/or UE hardware (i.e. RF front-end, baseband) can reduce the UE positioning estimation accuracy. 
In this section, we provide analysis of the impact of the timing error on various positioning schemes, which includes UE-assisted or UE-based DL/UL-TDOA and Multi-RTT positioning. These positioning techniques significantly rely on timing measurement. The timing measurement reflects the distance between UE and TRP (or gNB). Therefore, the error from it affects the estimated UE position.
In RAN1#104-e, the following definition were made to facilitate the discussions [2]:
Tx timing error: 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.
In practice, there can be timing error in the transmitter and/or receiver side. In order to visualize it, Figure 1 illustrates where the Tx/Rx timing errors are located in the timing measurement. Here, the timing error also include the timing delay which may occur in UE and TRP. Basically, the timing delay is not compensated yet. The introduced parameters in the figure are:	
·  – The UL time of arrival measurement from UE to TRP,
·  – The DL time of arrival measurement from UE to TRP,
·   – The propagation time from UE to TRP,
·  – The timing error at the transmitter side in UE, 
·  – The timing error at the receiver side in UE,
·  – The timing error at the transmitter side in TRP,
·  – The timing error at the receiver side in TRP.
Figure 1. Illustration of the Tx/Rx Timing Error in UE and TRP.UL
DL
Propagation Delay 
Propagation Delay 
+ TRP RX Timing Error 
+ UE TX Timing Error 
+ UE RX Timing Error 
+ TRP TX Timing Error 
UE
TRP


The above can be expressed in a mathematical form, 




where in UL SRS, the total timing measurement  is the sum of propagation delay, UE Tx timing error and gNB Rx timing error, which is  + . Likewise, in DL PRS, the total timing measurement  is the sum of the propagation delay, UE Rx timing error and gNB Tx timing error (). 

Timing error in DL-TDOA and UL-TDOA positioning
The positioning estimation requires TDOA measurement of multiple TRPs. Figure 2 illustrates how the UE and TRP Tx/Rx timing errors affect the TDOA measurement. In DL-TDOA, the reported measurement is the difference between two TOAs, so called as RSTD measurement. The first TOA is from the UE to a reference TRP (e.g. serving gNB) and the second TOA is from the UE to another TRP (e.g. neighbor gNB).
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Figure 2. Illustration of the UE and TRP Tx/Rx timing errors in TDOA measurement.

In UL-TDOA, each TRP reports the UL relative time of arrival (RTOA) which is the beginning of subframe I containing SRS received in a positioning node (TRP), relative to the RTOA reference time. Based on that report, the UL-TDOA in LMF can be modeled as:

Where the  is the TDOA between the TRP1 and TRP2 in UL positioning.In DL-TDOA, the time different computation is performed and reported by the UE in a form of RSTD report. It can be denoted as:
                                        

Where the  is the TDOA  between the TRP1 and TRP2 in UL positioning. 
While calculating the subtraction of two TOA, one can notice that the UE timing error would always be cancelled out, since that is the common term in the TOA. More specially, the UE Tx timing error is a part of the TOA in UL SRS measurement, but it would be compensated in the calculation of TDOA. Likewise, in DL PRS measurement, the UE Rx timing error would also be compensated. Therefore, in DL-TDOA or UL-TDOA, only the gNB timing errors (from TRP1 and TRP2) are needed to be considered. Furthermore, gNB timing error in TRP1 and TRP2 are typically not the same. gNB timing error is TRP specific and need to be calibrated individually.

Observation 1: The UE timing error is compensated in DL-TDOA and UL-TDOA. gNB/TRP Tx timing error is a common timing error that affects the DL-TDOA performance of UEs. In UL-TDOA, the gNB/TRP Rx timing error is the common timing error that affects the UL-TDOA performance of UEs.

Timing error in Multi-RTT positioning
In Multi-RTT positioning method, the UE timing error is part of the RTT measurement and cannot be compensated, since Multi-RTT is not the time of arrival difference related to PRS transmissions from different gNB/TRP or SRS transmissions that is measured by different gNB/TRP, but the time difference between UE Tx of SRS and the UE Rx of the PRS and similar for gNB Rx -Tx time difference that is measured and reported to the location server. To have a better insight into the problem, we sketch the Multi-RTT procedure in figure 3. 
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Figure 3. Illustration of UE and TRP Rx/Tx error in Multi-RTT measurement.

From Figure 3, one can observe that the UE Rx-Tx time difference is comprised of three parts: UL-SRS transmission from UE to TRP,  the gap between the UL-SRS reception and the DL-PRS transmission, and the DL-PRS from TRP to UE. The relation among them can be modeled as:



Where RTT stands for round trip time between UE and TRP,  are the Rx-Tx time difference in UE and TRP respectively.
Therefore, in Multi-RTT, the UE timing error affects the final timing measurement. The method or mechanism of calibrating the UE timing error shall be considered while aiming for high accuracy positioning.


Observation 2: In Multi-RTT, both timing error from UE and TRP sides should be considered.  

Reference UE for Timing Delays Mitigation
The timing error needs to be estimated and later to be used for the UE positioning estimation. The gNB timing error estimation can be enabled by introducing a reference UE. A reference UE is a UE at a known location and its estimations and reports are to be used for the timing error compensation. A gNB/TRP is expected to have multiple RF chains in which each RF chain may have its own timing error. In practice, multiple reference UEs or many reference UEs are required to estimate the timing error. Furthermore, a timing error of a gNB/TRP RF chain is preferable to be estimated by multiple reference UEs. The estimation error can be further supressed by utilizing multiple reference UEs.

Proposal 1: Support to use reference UE for UE and gNB RX/TX timing delays mitigation.

Reference UE identification
Reference UE can be a UE that is manually configured to be operated as reference UE. For example, manually placed in a specific location. Deployment of many reference UEs that manually configured can be quite costly. We consider a case where any UEs can be act as reference UE as long as the UE meets the requirement to become a reference UEs. A UE can obtain its position from various methods and may be aware of its condition (e.g. whether stationary, temporarily stationary, or moving). The position can be obtained from the legacy RAT dependent (UE-assisted, UE-based) and/or RAT independent (GNSS, sensors, etc.) positioning method. This information can assist the LS in deciding whether a UE can be identified as a reference UE. Therefore, the signaling mechanism between UE and LS is required to be study further.

Proposal 2: Define a mechanism to enable any UEs to become a reference UE (Reference UE Identification).

As described earlier, any UEs can become the reference UE when that UE meets the requirements of reference UE. The requirements can be configurable. For example, the position is obtained with high accuracy positioning. It is placed in a relatively stationary position. These reference UE requirements information can be broadcasted to all UEs. The UE can be informed by LMF using LPP protocol. 

If a UE fulfil the condition requested by the LS, it can determine whether to become a reference UE or not. If so, the UE reports its location estimate and indicate the UE can be act as a reference UE. By having the information reported by a UE, the LS can enable/disable a UE to become a reference device. There may be several UEs around a gNB sending request to the LS to become a reference device. By having the aforementioned information reported by UEs, the LS can evaluate and select some UEs become the reference UEs. For example, the LS select some top candidates to become the reference UE and use them to estimate timing error in the next phase. 
In general, we need to study the signaling and other mechanisms to enable and disable the reference UEs, including providing the reference UE requirement information.


Proposal 3: Support to study the signaling and mechanism to enable and disable the reference UEs, including providing the reference UE requirement information. 

gNB timing error estimation
After the reference UE identification phase, several UEs around the gNB are configured to become reference devices. Three different approach can be considered in the estimation phase. The LS can choose to estimate the gNB timing error by using DL-PRS and UL-SRS. In this section, we provide our analysis on the estimation phase. Figure 4 shows an example of a typical use case where a gNB is surrounded by several normal UEs. Normal UEs is basically any UEs that the positioning is to be estimated. A normal UEs can become a reference UE. In this case, the LMF can select some qualified normal UEs as the reference UE. For downlink based positioning any gNB Tx timing error will affect the position estimate of all normal UEs. Similarly, for uplink-based positioning, any gNB Rx timing error will affect the position estimate of all normal UEs. We consider the gNB timing error can then be estimated by utilizing reference UE using DL-PRS and UL-SRS methods.  
Figure 4. The LMF selects some of the qualified normal UEs around a gNB to be reference UEs. The gNB timing error can be estimated by using DL-PRS and UL-SRS methods.DL-PRS
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DL-based Method.
gNB/TRP transmits the DL-PRS signal to any UEs including the reference UE. Here, we consider the reference UE is capable of performing UE-based positioning. The reference UE measures the DL-TOA and calculates the estimated gNB Tx timing error by:



Where the  is the estimated gNB Tx timing error, () is the location of the gNB, () is the estimated UE1 location,  is speed of light and  is the estimated nominal UE Rx timing error given by the UE1 itself.
After that, the reference UE reports the Estimated gNB Tx timing error  back to the LS. Furthermore, some other parameters that might assist LS in using the timing error can be provided, which includes:
Interval / periodicity of report – The UE can request to receive several DL-PRS resources in a specific periodicity and measurement several times to acquire a stable timing error measurement.
Time validity of the timing error – a time duration for which the estimated gNB Tx timing error is valid. LS uses this information to identify if a timing error estimate is valid in a certain time and arrange a new UE Rx timing error measurement accordingly.

Proposal 4. Support reference UE to report the estimated gNB Tx timing error to the LS when using DL-based positioning method. 

UL-based Method
The reference UE transmits the UL-SRS signal to the gNB once the UE is triggered by the serving gNB. In addition to transmitting the SRS, the UE also reports the following information to the gNB:
· The estimated reference UE Tx timing error,
· The known /estimated UE location (Optional: in case the LMF does not know).
The gNB measures the UL-TOA and calculates the estimated gNB Rx timing error by:



Where the  is the estimated gNB Rx timing error, () is the estimated UE2 location reported by UE2 itself.
After that, the gNB reports the following parameters to the LS:
· Estimated gNB Rx timing error  ,
· Interval / periodicity of report, 
· Time validity of the timing error. 
Proposal 5. Support reference UE to report the UE Tx timing error and optionally, the estimated UE location to the gNB.

Proposal 6. Support gNB to report the estimated gNB Rx timing error to the LMF when using UL method. The periodicity and time validity of the measurement can also be reported as the assisted information.

Summary 

In this contribution we discussed our view on mitigating UE Tx/Rx and gNB Tx/Rx timing delay. The time delay is basically the timing error that may include the compensated timing delay and residual timing error. We provide the following observation and proposals:
Observation 1: The UE timing error is compensated in DL-TDOA and UL-TDOA. gNB/TRP Tx timing error is a common timing error that affects the DL-TDOA performance of UEs. In UL-TDOA, the gNB/TRP Rx timing error is the common timing error that affects the UL-TDOA performance of UEs.
Observation 2: In Multi-RTT, both timing error from UE and TRP sides should be considered.  

Proposal 1: Support to use reference UE for UE and gNB RX/TX timing delays mitigation.

Proposal 2: Define a mechanism to enable any UEs become a reference UE (Reference UE Identification).

Proposal 3: Support to study the signaling and mechanism to enable and disable the reference UEs, including providing the reference UE requirement information. 

Proposal 4. Support reference UE to report the estimated gNB Tx timing error to the LS when using DL-based positioning method. 
Proposal 5. Support reference UE to report the UE Tx timing error and optionally, the estimated UE location to the gNB.

Proposal 6. Support gNB to report the estimated gNB Rx timing error to the LMF when using UL method. The periodicity and time validity of the measurement can also be reported as the assisted information.
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