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1 Introduction
At RAN1 #104-bis e-meeting several agreements were made with regards to the timing Error Mitigation topic within the NR ePositioning WI: 
	Agreement:
· Support the following for mitigating TRP Tx timing errors and/or UE Rx timing errors for DL TDOA
· Support a UE to provide the association information of RSTD measurements with UE Rx TEG(s) to the LMF when the UE reports the RSTD measurements to the LMF if the UE has multiple TEGs
· [bookmark: _Hlk69244085]Support a TRP providing the association information of DL PRS resources with Tx TEGs to the LMF if the TRP has multiple TEGs
· Support the LMF to provide the association information of DL PRS resources with Tx TEGs to a UE for UE-based positioning if the TRP has multiple TEGs 
· FFS: the details of the signalling, procedures, and UE capability
· Send an LS to RAN4 to check if there is any issue to support the above enhancements

Agreement:
Support the following for mitigating UE Tx timing errors and/or TRP Rx timing errors for UL TDOA
· Support a TRP to provide the association information of RTOA measurements with TRP Rx TEG(s) to the LMF when the TRP reports the RTOA measurements to the LMF if the TRP has multiple Rx TEGs
· Support a UE to provide under capability the association information of UL SRS resources for positioning with Tx TEGs to the LMF if the UE has multiple Tx TEGs
· FFS: Whether to support a UE to provide the association information of UL SRS resources for MIMO with Tx TEGs to the LMF if the UE has multiple Tx TEGs
· FFS: Whether the association information is sent directly from UE to LMF, or is first provided to gNB and then forwarded to LMF  
· FFS: the details of the Signaling, procedures, and UE capability

Agreement:
For mitigating UE/TRP Tx/Rx timing errors for DL+UL positioning, support one of the following alternatives:
· Alt.1: Support a UE to provide the association information of a UE Rx-Tx time difference measurement with a pair of {Rx TEG, Tx TEG} to LMF, where the Rx TEG is used to receive the DL PRS and the Tx TEG is used to transmit the UL Positioning SRS;
· Alt.2: Support a UE to provide the association information of a UE Rx-Tx time difference measurement with a UE RxTx TEG to LMF according to the one of the 2 following options: 
· Option 1: the UE RxTx TEG is associated with one or more {DL PRS resource, UL Positioning SRS resource} pairs
· FFS:  whether UE provides the association information of DL PRS resources to UE Rx TEG to LMF for UE RxTx measurements specifically
· Option 2: the UE RxTx TEG is associated with one or more {Rx TEG, Tx TEG} pairs where the Rx TEG is used to receive the DL PRS and the Tx TEG is used to transmit the UL Positioning SRS.
· For both alterntives, the UE may provide the association information of SRS resources for positioning to UE Tx TEG to LMF 
· FFS: Whether the association information is sent directly from UE to LMF, or is first provided to gNB and then forwarded to LMF
· FFS: the details of the signalling, procedures, and UE capability


Agreement:
· For mitigating UE/TRP Tx/Rx timing errors for DL+UL positioning, support one of the following alternatives:
· Alt.1: Support a gNB to provide the association information of a gNB Rx-Tx time difference measurement with a pair of {Rx TEG, Tx TEG} to LMF 
· Alt. 2: Support a gNB to provide the association information of a gNB Rx-Tx time difference measurement with a TRP RxTx TEG to LMF, if the TRP has multiple RxTx TEGs, according to the one of the 2 following options: 
· Option 1: the TRP RxTx TEG is associated with one or more {DL PRS resource, UL Positioning SRS resource} pairs
· FFS:  whether gNB provides the association information of UL Positioning SRS resources to TRP Rx TEG to LMF, if the TRP has multiple Rx TEGs, for gNB RxTx measurements specifically
· Option 2: the TRP RxTx TEG is associated with one or more {Rx TEG, Tx TEG} pairs where the Rx TEG is used to receive the UL Positioning SRS and the Tx TEG is used to transmit the DL PRS.
· For both alternatives, the gNB may provide the association information of DL PRS resources to TRP Tx TEG to LMF if the TRP has multiple Tx TEGs.
· FFS: the details of the signalling, procedures




In this paper, we present our views on potential enhancements related to the timing error mitigations for Positioning.
2 Discussion on the UE Rx-Tx Definition
We make the following observation with regards to the UE Rx-Tx definition and measurement: The Tx Timing that is used in the UE Rx-Tx is supposed to be the UE’s timing at the time of the reception of the PRS of the TP. However, if PRS and SRS are far away, it is generally known that a UE may adjust the SRS Tx timing for one or more of the following reasons:
· Autonomous TA changes
· Requested TA changes by the serving gNB

Even though the UE Rx-Tx is not explicitly affected by the current definition, the problem arises with the gNB Rx-Tx and the computation of RTT. If the UE reports UE Rx-Tx according to the definition below, if there is a TA change before the SRS is transmitted, the SRS will be X nsec later/earlier, and the gNB Rx-Tx will be estimated ot be X nsec later/earlier. When the LMF sums up the UE Rx-Tx and the gNB Rx-Tx, the final RTT will also have a bias of X nsec. To solve this issue, a UE should report the UE Rx-Tx such that the Tx timing is that of the subframe that carries the SRS, or more generally speaking, let the UE report an UL timestamp which can be used to determine when the TUE-TX is valid.
	Definition
	The UE Rx – Tx time difference is defined as TUE-RX – TUE-TX
Where:
TUE-RX is the UE received timing of downlink subframe #i from a Transmission Point (TP) [18], defined by the first detected path in time.
TUE-TX is the UE transmit timing of uplink subframe #j that is closest in time to the subframe #i received from the TP.
Multiple DL PRS resources can be used to determine the start of one subframe of the first arrival path of the TP.
For frequency range 1, the reference point for TUE-RX measurement shall be the Rx antenna connector of the UE and the reference point for TUE-TX measurement shall be the Tx antenna connector of the UE. For frequency range 2, the reference point for TUE‑RX measurement shall be the Rx antenna of the UE and the reference point for TUE‑TX measurement shall be the Tx antenna of the UE.



Proposal 1: Include in the UE Rx-Tx measurement report, at least an UL timestamp which corresponds to the uplink subframe used by the UE to derive the TUE-TX timing in the UE Rx-Tx measurement. Change the TUE-TX UE Rx-Tx definition  as follows: 
· TUE-TX is the UE transmit timing of uplink subframe #j in which the transmission of the associated SRS resource was scheduled according to the UE’s report.

3 Timing Error Group (TEG) Information Reporting Enhancements
3.1 DL-TDOA TEG Information
The following agreement was made with respect to DL-TDOA TxTEG and RxTEGs:
	Agreement:
· Support the following for mitigating TRP Tx timing errors and/or UE Rx timing errors for DL TDOA
· Support a UE to provide the association information of RSTD measurements with UE Rx TEG(s) to the LMF when the UE reports the RSTD measurements to the LMF if the UE has multiple TEGs
· Support a TRP providing the association information of DL PRS resources with Tx TEGs to the LMF if the TRP has multiple TEGs
· Support the LMF to provide the association information of DL PRS resources with Tx TEGs to a UE for UE-based positioning if the TRP has multiple TEGs 
· FFS: the details of the signalling, procedures, and UE capability
· Send an LS to RAN4 to check if there is any issue to support the above enhancements



With regards to the remaining issues of the signaling, a UE could optionally report the Rx-TEG-ID in association to the RSTD measurement inside the ProvideLocationInformation message. One issue that needs to be clarified is with regards to the consistency level of the reported TEG Information, in the following sense:
· Lets us assume that there are 8 available TEG IDs that a device can use, and that, in the same single report, the device includes multiple measurements across a variety of measurement instances (see also the new “Batch Reporting” Feature), across multiple Positioning Frequency Layers and TRPs.
· Under which conditions, a set of measurements tagged with the same TEG ID, shall be considered to be assumed to have the same Timing Error? Clearly, if a UE reports measurements associated with the same TEG ID in different positioning sessions (e.g. separated days apart), the positioning engine should not assume that these measurements have the same timing errors. This would be unlikely to be true (e.g., due to intervening timing drifts), and even if true, may involve prohibitive memory requirement for the LMF to remember TEG IDs across multiple sessions that could be days apart. 
One baseline option would be to assume that, within a single report, measurements tagged with the same TEG ID shall have the same timing error, but no TEG consistency is assumed across reports. However, it may be the case that, even within the same report, there are too many different timing errors, and the device is limited by the available number of TEG IDs, or it may be the case that, a UE could even guarantee that measurements across reports, have the same timing errors. A simple solution would be to allow the flexibility for the device reporting this information to provide information of TEG-ID consistency. In that case, the device will be responsible in informing the positioning engine whether the latter should assume that TEG-IDs are “reset”. 
Proposal 2: With regards to TEG Information reporting, a device (UE or gNB) should be able to provide TEG-ID consistency information (e.g., a flag when TEG IDs are being reset). This applies to both Tx TEG, Rx TEG for both UEs and gNBs. 
For UE-based DL-TDOA, the UE should be able to receive the Tx-TEGs in either unicast or broadcast assistance data. 
Proposal 3: For UE-based DL-TDOA, support a UE receiving the Tx-TEG information for each PRS resource in the unicast or broadcast assistance data. 
3.2 UL-TDOA TEG Information
The following agreement was made with respect to UL-TDOA TxTEG and RxTEGs:
	Agreement:
Support the following for mitigating UE Tx timing errors and/or TRP Rx timing errors for UL TDOA
· Support a TRP to provide the association information of RTOA measurements with TRP Rx TEG(s) to the LMF when the TRP reports the RTOA measurements to the LMF if the TRP has multiple Rx TEGs
· Support a UE to provide under capability the association information of UL SRS resources for positioning with Tx TEGs to the LMF if the UE has multiple Tx TEGs
· FFS: Whether to support a UE to provide the association information of UL SRS resources for MIMO with Tx TEGs to the LMF if the UE has multiple Tx TEGs
· FFS: Whether the association information is sent directly from UE to LMF, or is first provided to gNB and then forwarded to LMF;  
· FFS: the details of the Signaling, procedures, and UE capability



3.2.1 Reporting of UL-TDOA TEGs to the LMF
With regards to the reporting of UL Tx-TEGs, the UE is already reporting capabilities to the LMF that are applicable to both DL, UL and DL&UL methods. We suggest reusing the well-defined LPP framework, for a UE to report UL Tx TEGs, which could be used for UL-only or DL&UL methods.

Specifically, one can introduce the following Steps 4 and 8 shown in the figure to have this additional reporting from the UE for UL methods:
 Step 4 /Step 8:
-	Response Time for LPP Request Location Information applies as usual (QoS, periodic reporting).
-	LocationInformationType is mandatory present in IE CommonIEsRequestLocationInformation , which is not applicable to UL-only positioning. For UL-only positioning (i.e., in case the RequestLocationInformation includes the NR-UL-RequestLocationInformation only, the LocationInformationType can be ignored by the receiver. Alternatively, a new codepoint can be added for TEG-only reporting (for UL-only positioning):
LocationInformationType ::= ENUMERATED {
	locationEstimateRequired,
	locationMeasurementsRequired,
	locationEstimatePreferred,
	locationMeasurementsPreferred,
	...,
	ue-tx-TEG-Required-r17
}



	[bookmark: _Toc27765144][bookmark: _Toc37680801][bookmark: _Toc46486371][bookmark: _Toc52546716][bookmark: _Toc52547246][bookmark: _Toc52547776][bookmark: _Toc52548306][bookmark: _Toc60870034]–	RequestLocationInformation
The RequestLocationInformation message body in a LPP message is used by the location server to request positioning measurements or a position estimate from the target device.
-- ASN1START

RequestLocationInformation ::= SEQUENCE {
	criticalExtensions		CHOICE {
		c1						CHOICE {
			requestLocationInformation-r9	RequestLocationInformation-r9-IEs,
			spare3 NULL, spare2 NULL, spare1 NULL
		},
		criticalExtensionsFuture	SEQUENCE {}
	}
}

RequestLocationInformation-r9-IEs ::= SEQUENCE {
	…
	…
	[[	nr-UL-RequestLocationInformation-r17
										NR-UL-RequestLocationInformation-r17
																			OPTIONAL	-- Need ON
	]]
}

-- ASN1STOP

[bookmark: _Toc27765145][bookmark: _Toc37680802][bookmark: _Toc46486372][bookmark: _Toc52546717][bookmark: _Toc52547247][bookmark: _Toc52547777][bookmark: _Toc52548307][bookmark: _Toc60870035]–	ProvideLocationInformation
The ProvideLocationInformation message body in a LPP message is used by the target device to provide positioning measurements or position estimates to the location server.
-- ASN1START

ProvideLocationInformation ::= SEQUENCE {
	criticalExtensions		CHOICE {
		c1						CHOICE {
			provideLocationInformation-r9	ProvideLocationInformation-r9-IEs,
			spare3 NULL, spare2 NULL, spare1 NULL
		},
		criticalExtensionsFuture	SEQUENCE {}
	}
}

ProvideLocationInformation-r9-IEs ::= SEQUENCE {
	…

	[[	nr-UL-ProvideLocationInformation-r17
									NR-UL-ProvideLocationInformation-r17
																				OPTIONAL
	]]
}

-- ASN1STOP

[bookmark: _Toc12618279][bookmark: _Toc37681193][bookmark: _Toc46486765][bookmark: _Toc52547110][bookmark: _Toc52547640][bookmark: _Toc52548170][bookmark: _Toc52548700][bookmark: _Toc60870428]NR UL Location Information
[bookmark: _Toc37681179][bookmark: _Toc46486751][bookmark: _Toc52547096][bookmark: _Toc52547626][bookmark: _Toc52548156][bookmark: _Toc52548686][bookmark: _Toc60870414]–	NR-UL-RequestLocationInformation
The IE NR-UL-RequestLocationInformation is used by the location server to request NR UL location information from a target device.
-- ASN1START

NR-UL-RequestLocationInformation-r17 ::= SEQUENCE {
	ue-tx-timing-error-group-request-r17		ENUMERATED { true }		OPTIONAL,
	...
}
-- ASN1STOP

[bookmark: _Toc37681175][bookmark: _Toc46486747][bookmark: _Toc52547092][bookmark: _Toc52547622][bookmark: _Toc52548152][bookmark: _Toc52548682][bookmark: _Toc60870410]–	NR-UL-ProvideLocationInformation
[bookmark: _Hlk63996922]The IE NR-UL-ProvideLocationInformation is used by the target device to provide NR UL location information to the location server. It may also be used to provide NR UL positioning specific error reason.
-- ASN1START

[bookmark: _Hlk64000237]NR-UL-ProvideLocationInformation-r17 ::= SEQUENCE {
	nr-ul-Tx-TimingErrorGroup-r17			NR-UL-Tx-TimingErrorGroup-r17 				OPTIONAL,
	nr-UL-Error-r17							NR-UL-Error-r17						 		OPTIONAL,
	...
}

-- ASN1STOP




Proposal 4: Support TxTEG-to-SRS association reporting as part of the LPP signaling framework:
· A UE should be able to report capability information related to Tx TEGs
· A UE should be able to report association of Tx TEGs to SRS resources for positioning together with a timestamp (e.g. in a Provide Location Information message) to the LMF

3.2.2 UL Tx-TEG for MIMO SRS
With regards to the Tx-TEG for MIMO SRS, we first acknowledge that SRS for MIMO can be used for UTDOA and AoA Positioning. However, such procedures were supposed to be transparent to the UEs, to enable positioning methods that can be performed on UEs that are already in the field without having them to support any additional features or requirements. 
Enhancing the MIMO SRS, and breaking this principle of “transparency” is not really needed, when we already have SRS for Positioning which can be enhanced further, in this release and future releases. Therefore, we prefer to restrict the feature of Tx-TEGs for SRS for Positioning and do not introduce enhancements and new requirements for the MIMO SRS
Proposal 5: Do not support Tx TEGs reporting for MIMO SRS. 
3.3 DL+UL Positioning TEG Information
The following agreement was made with respect to DL+UL Positioning and TEG Information:
	Agreement:
For mitigating UE/TRP Tx/Rx timing errors for DL+UL positioning, support one of the following alternatives:
· Alt.1: Support a UE to provide the association information of a UE Rx-Tx time difference measurement with a pair of {Rx TEG, Tx TEG} to LMF, where the Rx TEG is used to receive the DL PRS and the Tx TEG is used to transmit the UL Positioning SRS;
· Alt.2: Support a UE to provide the association information of a UE Rx-Tx time difference measurement with a UE RxTx TEG to LMF according to the one of the 2 following options: 
· Option 1: the UE RxTx TEG is associated with one or more {DL PRS resource, UL Positioning SRS resource} pairs
· FFS:  whether UE provides the association information of DL PRS resources to UE Rx TEG to LMF for UE RxTx measurements specifically
· Option 2: the UE RxTx TEG is associated with one or more {Rx TEG, Tx TEG} pairs where the Rx TEG is used to receive the DL PRS and the Tx TEG is used to transmit the UL Positioning SRS.
· For both alterntives, the UE may provide the association information of SRS resources for positioning to UE Tx TEG to LMF 
· FFS: Whether the association information is sent directly from UE to LMF, or is first provided to gNB and then forwarded to LMF
· FFS: the details of the signalling, procedures, and UE capability



First, we need to desribe why we think that Alternative 1 is not sufficient. In MRTT positioning, a device (UE or gNB) provides Rx-Tx measurements. A device, may be reporting 2 Rx-Tx measurements, RxTx1 = Rx1 – Tx1 and RxTx2 = Rx2-Tx2,  such that it guarantees that their timing error difference is small (i.e. belong in the same RxTx TEG), but it may not be able to guarantee that the Rx timing measurements (nor the Tx timings) are in the same RxTEG and TxTEG respectively. 
A few examples that show that reporting (RxTEG, TxTEG) in DL/UL Positioning does not make sense, whereas instead a RxTxTEG should be reported:
· Consider a device that supports only MRTT and not DL-TDOA positioning. In that case, the device only needs to ensure that the Rx-Tx measurements is calibrated, since it does not support/report any RSTD measurements. Such a device may put extra effort in characterizing or calibrating the timing between the reception of a signal to the transmitting of a signal, and not how much is the timing between the reception of 2 different signals. 
· A UE receives a first PRS from a first panel, and transmits SRS from that panel. Then, the same UE receives a second PRS from a second panel, and transmits a second SRS from that second panel. A UE may be able to ensure, that any uncalibrated group-delay (GD) per panel, is very small; so a UE should be able to say that these 2 Rx-Tx measurements are on the same TEG, even if the Rx Timing between panels was different and the Tx timing between panels was different. 
· The way a device may try to calibrate the group-delays in its paths between baseband and Antenna is by implementation-based OTA measuremennts (transmit from 1 antenna and receive from another). In such cases, by the way the measurement procedure is taking place, the device estimates the time duration needed between the transmission of a signal and the reception, and it does not estimate the separate transmission path and reception path. 
· A UE receives a PRS1 and transmits SRS1 at a first slot, and then, in a later slot, it receives PRS2 and transmits SRS2. The 2 slots are far away in time, hence the UE may not be able to guarantee that their Rx timings are close enough (e.g. due to time drift), but it can guarantee, since the PRS1/SRS1 are close by in time, and PRS2/SRS2 are close by in time, that the 2 measurements, RxTx1 and RxTx2 have similar timing errors. 
[image: ]
· A UE receives a PRS1 and transmits SRS1 at a first band, and then, in a second band, receives PRS2 and transmits SRS2. The UE has not calibrated the reception and transmissions that are happening across bands, so it cannot guarantee that the 2 PRS are received with the same Rx timing, nor that the 2 SRS are transmitted with the same Tx timing. However, since the UE has calibrated the Rx-Tx in each band, it can guarantee, since the PRS1/SRS1 are in the same band, and PRS2/SRS2 are in the same band, that the 2 measurements, RxTx1 and RxTx2 have similar timing errors, and assigns them the same RxTx-TEG. 
Based on the above, we make the following proposal: 
Proposal 6: For mitigating UE/TRP Tx/Rx timing errors for DL+UL positioning, support Alt. 2
· A UE should be able to provide an association of each UE RxTx measurement to an RxTx TEG ID.  
· Irrespective of Opt. 1 or Opt. 2, the association of RxTx-TEGs to {PRS ID, SRS ID} (Opt. 1), OR to {RxTEG ID, TxTEG ID} (Opt.2) should be optionally provided in addition to the RxTx-TEG IDs. 
3.4 Reporting of Timing Error Margin 
According to the definitions of the TEGs, a device (UE/gNB) is reporting that 2 measurements or (RS transmissions) are within the same TEG if their timing errors are within a same margin. We propose including in the report information that enables a device to report what is an expected/estimated timing error and any potential uncertainty/margin that may exist. In short, for each TEG-ID, a device, (e.g. a UE in the example below), includes what is an average timing error and/or margin/uncertainty around that error:
	srsPos-tx-TimingError


This field specifies the TX Timing Error in time units  where  Hz and . Scale factor [1] Tc. Range 0..[129.70] nano-seconds.

	srsPos-tx-TimingErrorUncertainty
This field specifies the (single-sided) uncertainty of the srsPos-tx-TimingError.
Scale factor [0.5] Tc. Range 0..[64.85] nano-seconds.



Consider the case that 2 RS timing or 2 measurements belong to the same TEG if their timing errors are within 2 nsec. A device transmits a set of RS associated to a first panel/band/Timing-Occasion such that the GDs are all within an interval [X1, X2] nsec such that their worst case timing error difference  is 2 nsec (X2-X1<=2). Similarly, the same device transmits a second set of RS associated to a second panel/band/Timing-Occasion such that the GDs are all within an interval [X3, X4] nsec, such that X4-X3<=2. The device will report to the positioning engine that the first set of RS is associated with TEG1, and the second set of RS is associated with TEG2. However, the device, in this case, it also knows that, in the worst case, the GD differences between RS belonging in those two TEGs is X4-X1. Providing a margin (e.g. mean/variance/worst-case) difference between the Timing Errors across TEGs will enable the positioning engine to quantify the level of timing errors that may exist if measurements from different TEGs are taken into account. 
Proposal 7: For mitigating timing errors in DL-TDOA, UL-TDOA or DL+UL Positioning:
· Support providing at least a timing Error uncertainty/margin associated with a TEG ID
· Consider supporting in addition an average timing error associated with a TEG ID. 
4 Reference Devices for Measurement Calibration
In a previous meeting the following agreement was made in RAN1 with regards to reference location devices (RLDs): 
	Agreement:
· 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 signalling, 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



During the previous meetings, there was not sufficient clarity on whether there is a specification impact of supporting reference devices in the network. In the next Sectio, we provide a justification into why such devices will be useful for Timing Error calibration, and  then, we show why there is specification impact (mainly in RAN2) to enable such devices in NR Rel-17. 
4.1 How can Reference Devices be useful? 
4.1.1 Double Differential Methods – Elimination of both UE’s  & gNB unknown GDs
Even though the UE group delay cancels out with a differential RTT (across 2 RTT measurements of the same UE with 2 different gNBs), as described above, there may be residual gNB group delay differences  which might still limit the positioning accuracy, wherein  and
·  is the residual group delay at gNB , 
·  is the residual group delay at the reference gNB
when the positioning engine performs differential RTT between gNBref and gNBi shown as the red links in the figure below. One cannot assume that different gNBs have the same GD, so these unknown factors are not cancelled out. 
[image: ]
As a way to estimate this unknown difference between the GDs of the 2 TRPs, one could use the reporting and PRS transmissions from a 3rd TRP (gNBj in the figure): 
· gNBj measures the PRS being received from the 2 gNBs (gNBref and gNBi), and reports the gNB Rx-Tx derived using their own PRS transmission, and the PRS reception from the respective TRPs
· Both gNBref and gNBi measure the PRS from gNBj and report the gNB Rx-Tx between their own PRS and the PRS from gNBj
Using the gNB Rx-Tx measurements derived using PRS transmission and reception from gNBj, gNBi, gNBref, and the knowledge of the location of all 3 gNBs, a positioning engine can eliminate the unknown difference between the GDs of the 2 TRPs, by subtracting the 2 differential measurements (one differential RTT derived between the UE and gNBi and gNBref, and a second differential RTT derived between the gNBj and the gNBi and gNBref).  Thus, one can name such a procedure as a double differential positioning method. Another approach would be to use the additional gNB Rx-Tx measurements (the measurements of gNBj derived on the PRS received by gNBi and gNBref) to estimate the unknown GD difference between gNBref and gNBi before proceeding with the positioning calculation.  
From what we show below, enabling a double differential positioning method would result in a positioning method that is not affected by any of the 4 known timing errors & network sync errors:
· It is not affected by network sync since we use RTT measurements
· Not affected by the UE group delays, under the assumption that the UE reports which measurement can be assumed to have the same group delay
· Not affected by the gNB group delays, because we are using the measurements from other TRPs to derive (or eliminate) the GD difference between the TRPs. 
	Method
	Impact from Network sync error
	Impact from group-delay calibration error

	
	
	Tx error gNB
	Rx error gNB
	Tx error UE
	Rx error UE

	DL-TDOA
	Yes
	Yes
	N/A
	N/A
	No

	UL-TDOA
	Yes
	N/A
	Yes
	No
	N/A

	RTT
	No
	Yes
	Yes
	Yes
	Yes

	Differential RTT
	No
	Yes
	Yes
	No
	No

	Double Differential Method
	No
	No
	No
	No
	No



Observation 1: Reference Devices (UE or gNB) would enable mitigating both UE and gNB Timing Errors. 
4.1.2 Potential Specification Impact for Introducing Reference Devices 
In our paper in RAN2 [2], we provided a detailed analysis on a few different options how to support reference devices within NR Rel-17 framework. In the next, we provide a rough summary of what potentially needs to be added in order to support such reference devices:
· The general UE positioning operation is summarized in clause 5.2 of TS 38.305 and clause 6.11 of TS 23.273 and is shown in the Figure below


· At Step 1, either some entity in the 5GC (e.g., a GMLC), or the UE, or the AMF itself (e.g. to locate the UE for an emergency call) requests some location services from an AMF. The AMF then transfers the location request to an LMF at Step 2 in Figure 1. The LMF may then invoke one or more LPP and/or NRPPa positioning procedures with the UE and/or NG-RAN at Step 3. Once the LMF has determined the UE location based on the measurement information received in Step 3, the LMF provides the location estimate to the AMF at Step 4, which then provides the UE location to the requesting client at Step 5.
The RLD location measurements are used by an LMF to correct the measurements for target UEs. That is, the consumer of the RLD location information is an LMF, and therefore, Steps 1 and 2 in Figure 1 would not happen for RLDs.
Observation 2: For RLDs, an AMF/LMF would not receive a location request from an LCS client. Instead, the location client for RLD measurements would be the LMF itself. 
· In other words, the location request should be initated by the LMF. This is a new procedure that needs to be defined in Stage 2 Specification. 

An example of such change in Stage 2 Specification would be to add a procedure as shown below: 


To continue to analysis on what could be the specification impact, there are two principle architecture options for supporting RLDs:
· Option 1: The RLD is considered as UE from LMF perspective;
· Option 2: The RLD is considered as part of a gNB (e.g., gNB-DU, enhanced TRP, MT function of IAB node, etc.) from LMF perspective.

Both options are shown schematically below, and in either scenario, changes to stage 2 and/or stage 3 specification may be needed (More details are shown in the RAN2 paper). 


Proposal 8: Support a device to be used as a “Reference Location Device (RLD)”.  
· Up to RAN2 to continue the specification work (and how/if to enable a UE/gNB to be a RLD).
5 Batch Measurement Reporting
[bookmark: _Hlk40375023]In the previous RAN1 meeting, the following agreement was reached with regards to Batch Measurement Reporting: 

	Agreement:
Support enabling
· A UE to report one or more measurement instances (of RSTD, DL RSRP, and/or UE Rx-Tx time difference measurements) in a single measurement report to LMF for UE-assisted positioning, and 
· A TRP to report one or more measurement instances (of RTOA, UL RSRP, and/or gNB Rx-Tx time difference measurements) in a single measurement report to LMF, and
· Each measurement instance is reported with its own timestamp
· FFS: The measurement instances are within a [configured] measurement time window
· FFS: Each UE measurement instance can be configured with N instances of the DL-PRS Resource Set
· FFS: N (including N=1)
· FFS: Each TRP measurement instance can be configured with M SRS measurement time occasions
· FFS: M (including M=1)
· FFS: details of signalling, procedures, and UE capability if any
· FFS: whether and how to consider the additional enhancement related to measurement reporting of multi-paths and quality metric
· Note 1: A measurement instance refers to one or more measurements, which can either be the same or different types, which are obtained from the same DL PRS resource(s), or the same UL SRS resource(s).
· Note 2: This enhancement has no intention to change the mapping of measurement types to Rel-16 positioning techniques and no intention to introduce new positioning techniques either.



5.1 Time-domain Measurement Window Configuration 
SA2 discussed the latency reduction using a scheduled location time at SA2#142e and SA2#143e and sent the LS in to RAN2 (incl. RAN1 and RAN3) attaching a technically endorsed CR to TS 23.273. The question from SA2 to RAN1/2 is as follows:
		"SA2 would like to ask RAN1 and RAN2 whether support can be provided for a scheduled location time as part of Rel-17 and as defined in the attached CR to TS 23.273. SA2 also invite RAN1 and RAN2 to provide any other comments on support of this feature which may be applicable to support in 5GC.
	ACTION: 	SA2 kindly asks RAN1 and RAN2 to provide a response to the question above once RAN1 and 				RAN2 are in a position to answer."



Interestingly, the feature of “scheduling location time” seems to be related to the configured measurement window that is being discussed in RAN1. In short, in both cases, a UE or gNB should be able to receive an indication of when (and potentially for how long) should measurements be performed. 
We believe RAN1 should work towards a goal of defining a generic mechanism that allows an LMF to request specific time windows to be measured. For the time being, we can send an LS back to SA2 with the following text: 
Proposal 9: Send a draft Reply LS: 
· RAN1 thanks SA2 for their LS on Scheduling Location in Advance to reduce Latency. 
· RAN1 discussed the subject matter and agrees that scheduling location in advance is within the positioning enhancement work item objective, and RAN1 will target supporting this feature in Rel-17 positioning enhancement time frame in alignment with the CR received from SA2.

With regards to the RAN1 specific details of this feature, we make the following notes: 
· For UE-based Positioning, an LMF would send in a location request a time-domain  T' which would be the time at which the reported location is valid. It will be UE’s implementation when to do the measurements to ensure that it has a good location estimate that is as close as possible to the groundtruth at time T’. 
· On the other hand, for UE-assisted DL measurements, since the LMF is the entity doing the positioning calculation, it makes sense to have the freedom to request both UEs and gNBs to do the measurements at specific time instances  / time-windows. In this scenario, one can consider providing one or more start/End to the UE/gNBs in the request, so that the devices are aware of which RS instances should be prioritized for measurement and reporting. Specifically, 
· If startTime is provided, the device (UE/gNB) is expected to start no earlier performing measurements than the startTime, or is expected to prioritize performing measurements and reporting that start no earlier than the start time. 
· If EndTime is provided, the device (UE/gNB) is expected to perform measurements no later than the EndTime, or is expected to prioritize performing measurements no earlier than the start time. 

Proposal 10: For UE-based positioning, a UE is expected to report a location estimate which is valid for the requested “Location Time”.

Proposal 11: For UE-assisted/network-based Positioning,  support LMF sending a “Time-domain Window” configuration(s) to both UE and gNBs that define the time at which the measurements are to be obtained. 
· Each window is defined with a start/End configuration
· If startTime is provided, the device (UE/gNB) is expected to perform measurements and reporting that start no earlier than the startTime. 
· If EndTime is provided, the device (UE/gNB) is expected to perform measurements no later than the EndTime. 

Proposal 12: With regards to the requested Time-domain measurement Window: 
· Study further the UE behavior when a limited number (or none) of PRS instances appears within a configured time-domain window.

If such a startTime is provided to a UE, the measurement period and/or accuracy requirements would need to be adjusted to address the fact that measurements are expected to be time-domain limited according to the configured window. For example, in current 38.133, the measurement period starts from the first MG instance aligned with DL PRS resources closest in time after the RequestLocationInformation message and the ProvideAssistanceData message from LMF have been received by physical layer. If the Location Information message includes a Time-domain measurement window, the startTime of the measurement period should be after the configured start of the measurement window. 
5. Mitigation of Time Drift using the Batch Reporting Feature 
For RTT in NR Rel-16, a maximum PRS-to-SRS gap time is being currently discussed in RAN4 due to the effect to the measurement accuracy due to the time drift at the devices. For example, a maximum PRS-to-SRS requirement of 25ms corresponds to 75cm ranging error due to a 0.1 ppm time-drift. As positioning accuracy requirements increase in NR Rel-17, the required maximum PRS-to-SRS time gap may be too small and result to limitations to gNB’s scheduling flexibility. For example,  for Rel-16 accuracy (3-10 meters) and assuming a 10% error budget due to worst-case time-dift, the max PRS-to-SRS time can be:  = 10ms, which may not be a very harsh requirement. 

Considering the legacy RTT procedure shown in the figure below, and by modelling the clock drift as  and , where and  are the measured Rx-Tx time differences at the gNB and UE respecitively, and  or  correspond to the deviation from ideal time (typically expressed in ppm/ppb), one can derive the following for the error in the estimated RTT (,
 .
In the above, it is noted that  is typically in the order of microseconds, whereas  is in the order of milliseconds, and therefore the  is the dominant part of the estmation error. 
[image: ]

As positioning requirement goes higher in Rel-17 e.g. 1m for general commercial use, or 20 cm for IIoT, the max PRS-to-SRS gap time can be 3.3 msec or 0.66 msec assuming the same worst-case 0.1 ppm time-drift and 10% error budget. 

The feature of measurement batch reporting can actually help mitigating the effects of time-drift as we describe in this section. We can consider first the example shown below where the indicated PRS in the figure may correspond to:
· The same PRS resource transmitted across 2 instances,
· Two different PRS resources in the same instance (associated with the same TEG),
· Repetitions of a single PRS resource within a single instance

[image: ]

One can think of the  and  as the gNB Rx-Tx measurement and UE Rx-Tx measurement that a gNB and a UE are reporting to the LMF as part of the legacy (NR Rel-16) measurement report (which are estimates of the  and respectively. However, using the batch-reporting feature, an LMF could request from the UE to report a 2nd Rx-Tx measurement ( together with the , and the gNB to report the  together with the . 

Assuming that the time between the first PRS instance and the SRS (  is not equal to the time between the SRS and the 2nd PRS instance (), referred to as “asymmetric double-sided RTT” here, using the above 4 measurements, the LMF could actually calculate a drift-mitigated RTT as follows: . In this case, the error in the RTT can be computed to be 

However, assuming that the time between the first PRS instance and the SRS (  is equal to the time between the SRS and the 2nd PRS instance (), referred to as “symmetric double-sided RTT” here, using the above 4 measurements, the LMF could actually calculate a drift-mitigated RTT as follows: . In this case, the error in the RTT can be computed to be  If we assume that , the error only depends on the expression . 

The asymmetric double-sided RTT, requires the drift-correction reference duration to be long enough to be effective (i.e. the 2 PRS need to be relatively far away) – otherwise the multiplicative correction factor would be a constant 1 when one considers the TOA granularity reporting and PRS BW. However, it allows for scheduling flexibility compared to the “symmetric double-sided RTT”, which requires the 3 positioning RSs (2 PRS and 1 SRS in this example) to be symmetric to mitigate the dominant part of the time-drift error.
With regards to specification changes to support such a feature, an LMF should be able to send request the UE to perform multiple Rx-Tx measurements on specific instances of multiple PRS resources (or repetitions of the same resource), and then potentially report such Rx-Tx measurements across a collection of instances for the purpose of better tracking, and processing gain. 



A similar double-sided RTT could also be considered with the UE transmitting multiple SRS, as shown in the figure below, and the gNB reporting multiple Rx-Tx measurements derived on the same PRS but 2 different SRSs.





Proposal 13: Support LMF requesting the UE or gNB to perform measurements on specific PRS/SRS resources across multiple time-domain instances. 
6 Conclusions
Overall, we make the following observations and proposals for the topic of Timing Error mitigation for increased positioning accuracy:
Observation 1: Reference Devices (UE or gNB) would enable mitigating both UE and gNB Timing Errors. 
Observation 2: For RLDs, an AMF/LMF would not receive a location request from an LCS client. Instead, the location client for RLD measurements would be the LMF itself. 
· In other words, the location request should be initated by the LMF. This is a new procedure that needs to be defined in Stage 2 Specification. 
 
 Proposal 1: Include in the UE Rx-Tx measurement report, at least an UL timestamp which corresponds to the uplink subframe used by the UE to derive the TUE-TX timing in the UE Rx-Tx measurement. Change the TUE-TX UE Rx-Tx definition  as follows: 
· TUE-TX is the UE transmit timing of uplink subframe #j in which the transmission of the associated SRS resource was scheduled according to the UE’s report.

Proposal 2: With regards to TEG Information reporting, a device (UE or gNB) should be able to provide TEG-ID consistency information (e.g., a flag when TEG IDs are being reset). This applies to both Tx TEG, Rx TEG for both UEs and gNBs. 
Proposal 3: For UE-based DL-TDOA, support a UE receiving the Tx-TEG information for each PRS resource in the unicast or broadcast assistance data. 
Proposal 4: Support TxTEG-to-SRS association reporting as part of the LPP signaling framework:
· A UE should be able to report capability information related to Tx TEGs
· A UE should be able to report association of Tx TEGs to SRS resources for positioning together with a timestamp (e.g. in a Provide Location Information message) to the LMF

Proposal 5: Do not support Tx TEGs reporting for MIMO SRS. 
Proposal 6: For mitigating UE/TRP Tx/Rx timing errors for DL+UL positioning, support Alt. 2
· A UE should be able to provide an association of each UE RxTx measurement to an RxTx TEG ID.  
· Irrespective of Opt. 1 or Opt. 2, the association of RxTx-TEGs to {PRS ID, SRS ID} (Opt. 1), OR to {RxTEG ID, TxTEG ID} (Opt.2) should be optionally provided in addition to the RxTx-TEG IDs. 

Proposal 7: For mitigating timing errors in DL-TDOA, UL-TDOA or DL+UL Positioning:
· Support providing at least a timing Error uncertainty/margin associated with a TEG ID
· Consider supporting in addition an average timing error associated with a TEG ID. 

Proposal 8: Support a device to be used as a “Reference Location Device (RLD)”.  
· Up to RAN2 to continue the specification work (and how/if to enable a UE/gNB to be a RLD).

Proposal 9: Send a draft Reply LS: 
· RAN1 thanks SA2 for their LS on Scheduling Location in Advance to reduce Latency. 
· RAN1 discussed the subject matter and agrees that scheduling location in advance is within the positioning enhancement work item objective, and RAN1 will target supporting this feature in Rel-17 positioning enhancement time frame in alignment with the CR received from SA2.
Proposal 10: For UE-based positioning, a UE is expected to report a location estimate which is valid for the requested “Location Time”.

Proposal 11: For UE-assisted/network-based Positioning,  support LMF sending a “Time-domain Window” configuration(s) to both UE and gNBs that define the time at which the measurements are to be obtained. 
· Each window is defined with a start/End configuration
· If startTime is provided, the device (UE/gNB) is expected to perform measurements and reporting that start no earlier than the startTime. 
· If EndTime is provided, the device (UE/gNB) is expected to perform measurements no later than the EndTime. 

Proposal 12: With regards to the requested Time-domain measurement Window: 
· Study further the UE behavior when a limited number (or none) of PRS instances appears within a configured time-domain window.

Proposal 13: Support LMF requesting the UE or gNB to perform measurements on specific PRS/SRS resources across multiple time-domain instances. 
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8 Appendix 
8.1 Differential RTT vs Legacy Timing-based Methods Simulation Results
In this section, we first present a set of results that compare differential RTT method (LMF subtracts the RTT measurements derived on a UE and 2 gNBs for which the UE has reported that the UE Rx-Tx measurements are associated to the same timing group)  vs. a legacy RTT method, assuming a positioning engine that has knowledge of which UE’s measurements have a “common bias”.  The Tx/Rx timing error follows a truncated zero mean Gaussian Distribution [-2*T1,2*T1] nsec, as agreed in previous 3GPP RAN1 meetings.  

In the first case, we have a scenario of UMI with 100 MHz BW, where the gNBs have a timing error with T1=2ns and the UEs have timing errors of T1=[2, 5, 8] nsec in the UE Rx-Tx measurement. A RANSAC algorithm is used by the positioning engine in both scenarios of legacy RTT-based positioning engine, or a differential RTT-based positioning engine. We observe, as expected, that the differential RTT method (which just uses the knowledge of which UE Rx-Tx have a same/common bias, or in other words, are associated with the same RxTx-Timing group), is robust to the UE’s timing errors. 
[image: ]
In the 2nd case, we have scenarios of FR2 InF-SH/DH with 400 MHz BW, where the gNBs have no timing error ( T1 = 0ns) and the UEs have timing errors of T1=[0, 0.2, 0.5, 1, 2, 5] nsec in the UE Rx-Tx measurements. The legacy RTT-based positioning with same timing error assumption is provided here for comparison. In addition to that, the legacy DL-TDOA with DL-PRS is included as a second baseline. A RANSAC-based outlier rejection algorithm is used by the positioning engine in all the scenarios.
We observe, as expected, that the differential RTT method (which just uses the knowledge of which UE Rx-Tx have a same/common bias, or in other words, are associated with the same RxTx-Timing group), is robust to the UE’s timing errors.  The positioning accuracy of differential RTT with timing errors is comparable to the lagecy DL-TDOA and legacy RTT without timing errors. 
[image: ]
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Any TEG information reporting for any of the timing method should enable a flexible reporting with which a device would be able to inform the entity performing the location computation (UE or LMF) that a collection of measurements (or RS resources), independent of whether they are on the same frequency, or close-by in time or not, or transmitted from different antennas/panels, have same timing errors (i.e. belong in the same TEG), and also any known information about the timing error differences between the TEGs.
8.2 Double differential DL-TDOA vs Legacy DL-TDOA Simulation Results
In this section, we present a set of results that compare double differential DL-TDOA vs legacy DL-TDOA. The positioning engine is assumed to have knowledge of the genie locations of a subset of reference nodes and its RSTD measurements. In the implementation, the reference node can be either a gNB or UE. In the simulation, a subset of UEs are chosen as the reference node. For a specific target UE, the positioning engine selects one reference node, which has the maximum overlap of the PRS observations with the target UE. The Tx/Rx timing error and gNB sync error follow a truncated zero mean Gaussian Distribution [-2*T1,2*T1] nsec, as agreed in previous 3GPP RAN1 meetings.  

In this case, we have a scenario of FR2 InF-SH with 400 MHz BW, where the gNBs have both sync error T1 = 10ns and Tx timing error with T1 = 1ns, and the UEs have Rx timing errors of T1=0, 0.1, 0,2, 0.5, 1, 2 nsec in the UE’s RSTD measurements. The legacy DL-TDOA-based positioning with same timing error assumption is provided here for comparison. A RANSAC-based outlier rejection algorithm is used by the positioning engine in all the scenarios 
We observe that the double differential DL-TDOA, is robust to the sync errors and timing errors.  The positioning accuracy of double differential DL-TDOA with timing errors is far better than legacy DL-TDOA with the same timing errors. Compared with the perfect sync legacy DL-TDOA, the double differential DL-TDOA shows some noticeable loss due to the fact that one double dfferential RSTD consists 4 DL-PRS measurements, which doubles the estimation errors (quantization errors etc) compared with single RSTD measurements.

[image: ]
The above results assumed precise genie knowledge of the location of the reference node used for the double differential DL-TDOA position calculation. In practice, there would generally be some uncertainty in the location of this reference node. To model this, we use a perturbed location instead of the genie location of the reference node for the calculations. The perturbation we applied corresponds to picking a random location uniformly distributed over a disk of radius L centered at the genie location, and at the same height as the genie height. L is varied from 0 meters (the choice in the above figure) upto 0.5 meters. The UE Rx timing error is set to T1=0 ns.  As can be expected, with increasing L, the performance of the double differential DL-TDOA becomes worse, as shown in the figure below. But even at L=0.5m, the performance is much better than the legacy DL-TDOA since the inter-gNB sync error T1 = 10ns is the dominant timing error in the legacy DL-TDOA (recall that 10ns is roughly, to first order,  ~ 3m uncertainty/error).
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The above results assumed precise genie knowledge of the location of the reference node used for the double differential DL-TDOA position calculation. In practice, there would generally be some uncertainty in the location of this reference node. To model this, we use a perturbed location instead of the genie location of the reference node for the calculations. The perturbation we applied corresponds to picking a random location uniformly distributed over a disk of radius L centered at the genie location, and at the same height as the genie height. L is varied from 0 meters (the choice in the above figure) upto 0.5 meters. The UE Rx timing error is set to T1=0 ns.  As can be expected, with increasing L, the performance of the double differential DL-TDOA becomes worse, as shown in the figure below. But even at L=0.5m, the performance is much better than the legacy DL-TDOA since the inter-gNB sync error T1 = 10ns is the dominant timing error in the legacy DL-TDOA (recall that 10ns is roughly, to first order,  ~ 3m uncertainty/error).
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gNB timing error T1 = 0.0ns, UE timing error T1 = 1.0ns, Differential RTT

gNB timing error T1 = 0.0ns, UE timing error T1 = 2.0ns, Differential RTT

gNB timing error T1 = 0.0ns, UE timing error T1 = 5.0ns, Differential RTT

gNB timing error T1 = 0.0ns, UE timing error T1 = 0.0ns, RTT

gNB timing error T1 = 0.0ns, UE timing error T1 = 0.2ns, RTT

gNB timing error T1 = 0.0ns, UE timing error T1 = 0.5ns, RTT

gNB timing error T1 = 0.0ns, UE timing error T1 = 1.0ns, RTT

gNB timing error T1 = 0.0ns, UE timing error T1 = 2.0ns, RTT

gNB timing error T1 = 0.0ns, UE timing error T1 = 5.0ns, RTT

gNB timing error T1 = 0.0ns, UE timing error T1 = 0.0ns, DL-TDOA
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InF-SH FR2 CDF of RMS Positioning Error across all UEs

UE timing error T1 = 0.0ns, Doubled differential DL-TDOA

UE timing error T1 = 0.1ns, Doubled differential DL-TDOA

UE timing error T1 = 0.2ns, Doubled differential DL-TDOA

UE timing error T1 = 0.5ns, Doubled differential DL-TDOA

UE timing error T1 = 1.0ns, Doubled differential DL-TDOA

UE timing error T1 = 2.0ns, Doubled differential DL-TDOA

UE timing error T1 = 0.0ns, Legacy DL-TDOA

UE timing error T1 = 0.1ns, Legacy DL-TDOA

UE timing error T1 = 0.2ns, Legacy DL-TDOA

UE timing error T1 = 0.5ns, Legacy DL-TDOA

UE timing error T1 = 1.0ns, Legacy DL-TDOA

UE timing error T1 = 2.0ns, Legacy DL-TDOA

Perfect sync, no timing error, Legacy DL-TDOA
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CDF of error distance across all initializations across Indoor UEs

L = 0.0m

L = 0.1m
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L = 0.5m


