


3GPP TSG RAN WG1 #104b-e			R1-2103170
e-Meeting, April 12th – 20th, 2021
	
Agenda item:	8.5.1
Source: 	Qualcomm Incorporated
Title: 	Enhancements on Timing Error Mitigations for improved Accuracy
Document for:		Discussion and Decision
1 Introduction
At RAN1 #104-e meeting several agreements were made with regards to the timing Error Mitigation topic within the NR ePositioning WI. These can be categorized within the following areas:
· Reporting enhancements from UE/gNBs with regards to Timing Error Group Information
· Multiple Measurement Reporting (“Batch reporting”) Enhancements
· Introduction of Reference Devices for the purpose of Measurement Calibration

In this paper, we present our views on potential enhancements related to above three items.
2 Timing Error Group (TEG) Information Reporting Enhancements
2.1 Timing Error definition & Properties
In the previous meeting, it was clarified the scope and meaning of “timing errors” with the following description: 

	Agreement:
The following definitions are used for the purpose of discussion of internal timing errors (these terms are not agreed to be included in the specifications):
· 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. 
· UE Tx ‘timing error group’ (UE Tx TEG): A UE Tx TEG is associated with the transmissions of one or more UL SRS resources for the positioning purpose, which have the Tx timing errors within a certain margin.
· TRP Tx ‘timing error group’ (TRP Tx TEG): A TRP Tx TEG is associated with the transmissions of one or more DL PRS resources, which have the Tx timing errors within a certain margin.
· UE Rx ‘timing error group’ (UE Rx TEG): A UE Rx TEG is associated with one or more DL measurements, which have the Rx timing errors within a certain margin.
· TRP Rx ‘timing error group’ (TRP Rx TEG): A TRP Rx TEG is associated with one or more UL measurements, which have the Rx timing errors within a margin.
· UE RxTx ‘timing error group’ (UE RxTx TEG): A UE RxTx TEG is associated with one or more UE Rx-Tx time difference measurements, and one or more UL SRS resources for the positioning purpose, which have the ‘Rx timing errors+Tx timing errors’ within a certain margin.
· TRP RxTx ‘timing error group’ (TRP RxTx TEG): A TRP RxTx TEG is associated with one or more gNB Rx-Tx time difference measurements and one or more DL PRS resources, which have the ‘Rx timing errors+Tx timing errors’ within a certain margin.



In short, the above paragraphs are saying in words that the topic that we are trying to address in this subagenda are the timing uncertainties in the Group delay (GD) between the Baseband (BB) and the Antennas at a network node (UE or gNB) as shown in the figure below. 
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The remaining uncalibrated Rx/Tx time delays after any calibration effort a UE/gNB may do, could correspond to PRS/SRS that are transmitted on different antennas, panels, frequencies, or time instances. In other words, there can be several reasons for which the the Group delays (GDs) may not be fully calibrated: 
· Part-specific (analog and digital paths) group delays
· Reference design (multiple instances) must be tested to measure part-to-part variation. Multiple-part components within a single device. Components from different vendors introduce additional uncertainties and calibration difficulties.
· Frequency-specific group delay
· Even within the same frequency band and the same Reference Signal, there can be non-trivial variations across frequency.
· Path-specific group delay
· Selected antenna or panel, transmission power/processing, receive power/processing may result in variations of the group delay.
· Temperature-specific (time-varying) group delay
· Temperature changes affect the group delays in the devices.
· Other errors
· Calibration error (e.g., technical or procedural), measurement precision during GD characterization.

As we see in the figures below (InF-SH FR2, InF-SH FR1 and FR1 UMI), even Tx/Rx calibration errors of the order of few nsecs may result into non-trivial performance degradation for both TDOA and RTT methods. 
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Observation 1: Timing errors resulting from uncalibrated Group Delays (GDs) may have any of the following 4 components:
· time-varying component
· frequency-varying component
· antenna/panel-specific component 
· constant bias across time/frequency/antennas

Consider the example of a UE having multiple antennas (or multiple panels) which performs a set of RSTD measurements. It is up to the UE’s implementation which antennas/panels/beams to be used to perform those measurements, and report back to the network a subset of those measurements. In a realistic scenario, different panels, beams, antennas may have different group delay, or different GD calibration error (in case the UE has attempted, by implementation, to calibrate the group delays) since the antennas/panels may be located in different part of the phone, or because different Rx beam weights affect the actual GD for each measurement. On the other hand, the UE may identify scenarios for which the same GD exists in a set of measurements, because, for example, 
· the same antenna/beam/panel was used for reception
· the measurements happened on the same (or close-enough in time) PRS instances (and therefore the time-variation is small)
Same considerations can be made for gNBs also, for exactly the same reasons. Reporting which of the measurements can be assumed to have the same GD can be useful information that a positioning engine can exploit to improve performance by either one of the following 2 generic procedures:
· Elimination of the common biases 
· Estimation of the common biases 
Observation 2: Knowledge of which UE or gNB measurements can be assumed to have a same Timing Error can be used by a positioning engine to improve the positioning accuracy of timing methods by at least one of the following ways: 
· Elimination of the common biases (e.g. Differential or Double Differential Methods)
· Estimation of the common biases and adjustment of the measurements 
2.2 How can TEG Information be useful at the positioning engine? 
2.2.1 Differential RTT – Elimination of UE’s unknown GDs
Using the same-timing group reporting, one could envision that the entity supporting the positioning engine could try to eliminate any common bias that may exist in multiple measurements. For example, imagine the case of reporting 2 separate Rx-Tx measurements, each one for a different TRP, but for which the UE has reported that they are in the same timing group. This timing group may have a common “unknown” group delay : , , where w is the common (unknown) group delay in the UE. Then, the LMF could take the difference between these, and use a TDOA-type of positioning algorithm, to remove the common bias. From a specification perspective, we do not really need to define any new positioning method (e.g., no need to define a “differential RTT” method), but having just the additional reporting would enable a positioning engine to eliminate common biases amongst a set of measurements. 
2.2.2 Estimation of unknown GDs 
Another way that the knowledge of same-timing groups would be useful, is to use the measurements to estimate both the UE’s location and the unknown group delays. 
As a short example, consider the case of M-RTT positioning and assume, as an example, that the timing error introduced by uncalibrated gNB Rx-Tx GDs is low. If the UE reports N UE Rx-Tx measurements, an LMF in Rel-16, can only assume that the GDs in each measurement are different, so there is an unknown parameter that affects each measurement. However, if in NR Rel-17, the UE reports that all N Rx-Tx measurements have the same common UE bias, then the location server can pose the estimation problem as one where both the UE’s location (X, Y, Z) and a common bias parameter needs to be estimated; or in other words, there are 4 unknowns. Then, having 4 measurements from the UE could be enough to derive both the 3D location and estimate the common bias. One could generalize this method, which is enabled by having both gNBs and UE reporting “constraints” on which measurements can be assumed to be affected by the same bias (as described in Section 3.1).
2.3 TEG Information Reporting: TEG-ID & Time Error Difference Information
2.3.1 General Proposal on TEG Information Reporting
Even though, in the previous meeting, there were some rather lengthy conclusions agreed, with each conclusion dedicated to each method separately, we think that the whole discussion can be summarized and simplified in the following sentence:
A device (UE or gNB) performing a transmission or measurement on a positioning signal should be able to provide to the entity performing the positioning calculation (UE or LMF) the following information: 
· An associated Rx or RxTx TEG ID for each performed positioning measurement, depending on the measurement type: Rx-TEG for RSTD/RTOA and RxTx-TEG for Rx-Tx measurement
· An associated Tx TEG ID for a transmitted Reference Signal Resource (SRS or DL-PRS) 
· Prior Knowledge on a Time error difference amongst the provided TEG IDs (e.g. mean/uncertainty of the timing error differences). 

Proposal 1: Support the following enhancements with regards to TEG Information Reporting: 
· A device (UE or gNB) may provide to the entity performing the positioning calculation (UE or LMF) the following 
· An associated Rx or RxTx TEG ID for each performed positioning measurement, depending on the measurement type
· Rx-TEG for RSTD/RTOA and RxTx-TEG for Rx-Tx measurement
· An associated Tx TEG ID for a transmitted Reference Signal Resource (SRS or DL-PRS) 
· Information on the time error difference amongst the provided TEG IDs (e.g. mean/uncertainty of the timing error differences). 
· With regards to the method-specific conclusions reached in the previous meeting, the above proposal corresponds to the following:
· DL-TDOA: Options 1, 2, 8, 9, 10
· UL-TDOA: Options 1, 2, 4
· DL/UL UE-side: Options 4, 7
· DL/UL gNB-side: Options 4, 6

2.3.2 Why is RxTx TEG needed for DL/UL Positioning?
In MRTT positioning, a device (UE or gNB) provides Rx-Tx measurements to the positioning engine. 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, since simply, there is no such a need. 
A few examples that show that reporting (RxTEG, TxTEG) in DL/UL Positioning is not required; instead the 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 are 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 same panel. Then, the same UE receives a second PRS from a second panel, and transmits a second SRS from that second panel. This UE may be able to ensure, that any uncalibrated GD per panel, is very small; so a UE may be able to say that these 2 Rx-Tx measurements are on the same TEG. However, it will not be able to report that the Rx Timing between panels was the same, nor that the Tx timing between panels was the same. 
· The way a device may try to calibrate its BB<->Ant paths 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, for the UE to 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 Rx-Tx measurements, RxTx1 and RxTx2 have similar timing errors. 
· 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 samea band, that the 2 measurements, RxTx1 and RxTx2 have similar timing errors, and assigns them with the same RxTxTEG ID. 
2.3.3 Why is Tx TEG Reporting useful for UL Positioning?
It is generally known that a UE may adjust the SRS Tx timing for a variety of reasons, including one or more of the following:
· Autonomous TA changes
· Requested TA changes by the serving gNB
· Transparent virtualization (e.g. Small Delay Cyclic shift)

Such timing adjustments are currently transparent to the network. Such adjustments may not be able to be avoided especially for the case of UL measurements derived on regular SRS (SRS for MIMO and not SRS for positioning). 
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Such timing adjustments may have adverse affect on UL or DL+UL positioning for the reasons described below:
· In UL TDOA, gNBs are expected, up to their implementation to average across multiple SRS occasions. If the UE has performed any timing adjustment in the SRS Tx, the gNB measurements will be affected. Note that a UE may be doing large timing adjustments in some cases, e.g. SCDD scenario, which is a transparent precoding scheme a UE can use in the case of SRS for MIMO. 
· In M-RTT, according to the UE Rx-Tx definition in 38.215, the Tx timing in the UE Rx-Tx is the UE transmit timing of the uplink subframe that is closest in time to the DL subframe from the positioning node. This means that if the UE receives PRS in subframe n, and the UE transmits SRS in subframe n+K, such that there is a Tx timing change between subframe n and n+K (either autonomous TA, or an explicit TA command from the gNB), the SRS Tx timing will be different than the one used in the reported UE Rx-Tx. So the gNB Rx-Tx will be derived using the new SRS timing, whereas the UE Rx-Tx will still be derived using the timing that the UE had at subframe n (according to the definition). 
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In both of the above scenarios, the knowledge of the SRS Tx timing adjustment would be useful to enhance the positioning accuracy of UL-only or DL+UL methods. 
2.3.3 Why TEG Time Error Difference Reporting is useful?
With regards to the TEG Time Error Difference, we are referring to any side information, e.g. mean/variance of the distribution of the Timing Error Differences between 2 TEGs, that a device may be aware of. For example, 
· 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 smaller than 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, 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. 
2.3.4 Consistency of reported TEG Information
Let 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 the new “Batch Reporting” Feature in Section 4), 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).
3 Reference Devices for Measurement Calibration
In the 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 meeting, there was not sufficient clarity on whether there is a specification impact of supporting reference devices in the network. In Section 3.2, we provide a justification into why such devices will be useful for Timing Error calibration, and in Section 3.3, we show why there is specification impact (mainly in RAN2) to enable such devices in NR Rel-17. 
3.2 How can Reference Devices be useful? 
3.2.1 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), 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. 
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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:
· 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
	Network sync
	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 3: Reference Devices (UE or gNB) would enable mitigating both UE and gNB Timing Errors. 
3.2.2 Potential Specification Impact for Introducing Reference Devices 
In our paper in RAN2 [2], we provided a detailed analysis on a few different options for supporting reference devices within the NR Rel-17 framework. In the next, we provide a rough summary of what potentially needs to be specified to support such reference devices:
· The general UE positioning operation is summarized in clause 5.2 of TS 38.305 [2] and clause 6.11 of TS 23.273 [3] and is shown in the Figure below.


· In Step 1, we observe that, 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 service from an AMF. The AMF then transfers the location request to an LMF in Step 2. The LMF may then invoke one or more LPP and/or NRPPa positioning procedures with the UE and/or NG-RAN in 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 in Step 4, which then provides the UE location to the requesting client in Step 5.
However, it should be noted that the RLD location measurements are used by an LMF to correct the measurements for target UEs, and there is no other consumer of the measurements other than the LMF. That is, the consumer of the RLD location information is an LMF, and therefore, Steps 1 and 2 in the above Figure would not happen for RLDs.
Observation 4: 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 the analysis on what could be the specification impact of introducing RLDs in NR Rel-17, 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 [2]). 


What we described above corresponds to main changes that shall be needed in Stage 2 or Stage 3 Specification, and should be discussed by the appropriate WGs, after RAN1 makes a principle agreement that RLDs should be supported within NR Rel-17 ePositioning WI for the purpose of timing (and angle) mitigation. 
Proposal 3: Support a device to be used as a “Reference Location Device (RLD)” for the purpose of enabling improved positioning accuracy by timing error and angular error mitigation. 
· Up to RAN2 to continue the specification work (and how/if to enable a UE/gNB to be a RLD).
4 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.



In the next sections we would like to point out 2 main aspects with regards to the above agreement and how to progress further in this enhancement direction. 
4.1 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 [3] to RAN2 (incl. RAN1 and RAN3) attaching a technically endorsed CR to TS 23.273 [4]. The feature of “scheduling location time” seems to be related to the configured measurement window that is currently being discussed within the scope of Batch Reporting. 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 propose a generic mechanism to be defined that could address a variety of use-cases, including those that SA2 is pointing in their LS. 
Proposal 4: Support a “Location Time or Time-domain Window” configuration(s) to both UE and gNBs that define the time at which the measurements are to be obtained. 
· Define UE behavior when a limited number (or none) PRS instance appears within a configured time-domain window
· The specific format of the measurement time-domain window configuration is FFS.  

If such a start-Measurement-Time 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 measurement window. For example, in current TS 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 window, the start time of the measurement period should be after the configured start of the measurement window. 

Proposal 5: If a Time-domain window configuration is provided to the UE or gNB, the end of the measurement period should be no later than the end of the configured time-domain window. 
· Support separate measurement period & accuracy requirements when only a limited number of PRS instances are included within the configured time-domain window

4. Mitigation of Time Drift using the Batch Reporting Feature 
For MRTT 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 devies. 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. 
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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,
· Repetitions of a single PRS resource within a single instance
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One can think of the  and  as thethe 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.




Observation 5: The measurement Batch reporting feature could be used to facilitate the mitigation of the effect of the time drift in gNB’s or UE’s Rx-Tx measurements. 

Proposal 5: Support LMF requesting the UE or gNB to perform measurements on specific PRS/SRS resources across multiple time-domain instances. 
5 Conclusions
Overall, we make the following observations and proposals for the topic of Timing Error mitigation for increased positioning accuracy: 
Observation 1: Timing errors resulting from uncalibrated Group Delays (GDs) may have any of the following 4 components:
· time-varying
· frequency-varying 
· antenna/panel-specific 
· constant bias across time/frequency/antennas

Observation 2: Knowledge of which UE or gNB measurements can be assumed to have a same Timing Error (e.g. same group delay) can be used by a positioning engine to improve the positioning accuracy of timing methods by at least one of the following ways: 
· Elimination of the common biases (e.g. Differential or Double Differential Methods)
· Estimation of the common biases and adjustment of the measurements 

Observation 3: Reference Devices (UE or gNB) would enable mitigating both UE and gNB Timing Errors. 
Observation 4: 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. 

Observation 5: Batch reporting could be used to enable mitigating the effect of time drift in gNB’s or UE’s measurements. 

Proposal 1: Support the following enhancements with regards to TEG Information Reporting: 
· A device (UE or gNB) may provide to the entity performing the positioning calculation (UE or LMF) the following 
· An associated Rx or RxTx TEG ID for each performed positioning measurement, depending on the measurement type
· Rx-TEG for RSTD/RTOA and RxTx-TEG for Rx-Tx measurement
· An associated Tx TEG ID for a transmitted Reference Signal Resource (SRS or DL-PRS) 
· Information on the time error difference amongst the provided TEG IDs (e.g. mean/uncertainty of the timing error differences). 
· With regards to the method-specific conclusions reached in the previous meeting, the above proposal corresponds to the following:
· DL-TDOA: Options 1, 2, 8, 9, 10
· UL-TDOA: Options 1, 2, 4
· DL/UL UE-side: Options 4, 7
· DL/UL gNB-side: Options 4, 6

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).
Proposal 3: Support a device to be used as a “Reference Location Device (RLD)” for the purpose of enabling improved positioning accuracy by timing error and angular error mitigation. 
· Up to RAN2 to continue the specification work (and how/if to enable a UE/gNB to be a RLD).

Proposal 4: Support a “Location Time or Time-domain Window” configuration to both UE and gNBs that defines the time at which the measurements are to be obtained. 
· Define UE behavior when a limited number (or none) PRS instance appears within a configured time-domain window
· The specific format of the measurement time-domain window configuration is FFS.  

Proposal 5: Support LMF requesting the UE or gNB to perform measurements on specific PRS/SRS resources across multiple time-domain instances. 
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7 Appendix 
7.1 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: ]
[image: ]


For the reason described in Observation 1, 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.

7.2 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 doublce 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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