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1 Introduction
At RAN #90-e meeting, a new WID on NR Positioning Ennhancements was approved [1] with the following RAN1 centric objectives: 
	· Specify methods, measurements, signalling, and procedures for improving positioning accuracy of the Rel-16 NR positioning methods by mitigating UE Rx/Tx and/or gNB Rx/Tx timing delays, including [RAN1]
· DL, UL and DL+UL positioning methods
· UE-based and UE-assisted positioning solutions
· Specify the procedure, measurements, reporting, and signalling for improving the accuracy of [RAN1]
· UL AoA for network-based positioning solutions.
· DL-AoD for UE-based and network-based (including UE-assisted) positioning solutions.
Note: RAN1 will discuss the candidate solutions and provide updates for this objective, with status to be reviewed in RAN#91e.



The main agreement in RAN1 that led to the first main bullet of the above objectives is shown below:

	Agreement:
Capture the following in the TR:
· The methods, measurements, signaling, and procedures for improving positioning accuracy in the presence of the UE Rx/Tx timing delays, and/or and gNB Rx/Tx timing delays are recommended for normative work, including 
· DL, UL and DL+UL positioning methods 
· UE-based and UE-assisted positioning solutions
· Note: The details of the solutions are left for further discussion in normative work.



In this paper, we present our views on potential enhancements related to mitigating timing errors at the gNB and the UE for both UE-assisted and UE-based positioning.
2 Discussion on Group Delay Variations & Timing Errors
Improved accuracy is one of the main targets for the NR Rel-17 Study Item. Specifically, NR Positioning in Rel-17 should specify enhancements to meet, for general commercial use cases, a sub-meter level position accuracy (< 1 m) and, for IIoT Use Cases, a cm-level position accuracy (< 0.2 m). Timing-based Positioning (TDOA, and RTT) are considered the main methods to be used to try to reach the required targets. However, such methods can be sensitive to timing errors resulting from unknown, or uncalibrated, or time-varying group delay errors, either at the transmission or at the reception. These correspond to the timing errors which are introduced due to non-idealities between the baseband and the Antenna units as graphically shown in the figure below:
[image: ]

In short, there can be several reasons for which the the Group delays (GDs) may be time-varying, or may be difficult to fully characterize and calibrate in each UE or gNB as summarized in the list below: 
· Part-specific (analog and digital paths) group delay
· Reference design (multiple instances) must be tested to measure part-to-part variation. Multiple-part components within a single device. Components from different vendors.
· [bookmark: _GoBack]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 to 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 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 unknown Group Delays (GDs) may have any of the following 4 components:
· time-varying
· frequency-varying 
· antenna/panel-specific 
· constant bias across time/frequency/antennas

In the next section, we propose enhancements which could mitigate the effect of the above timing errors across a variety of scenarios. 
3 Enhancements to mitigation Timing Errors
3.1 Same-Timing Group Reporting Enhancement 
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 exact 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 (e.g. Differential or Double Differential Methods as described in the later Section 3.1.1)
· Estimation of the common biases (as described in the later Section 3.1.2) 
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 

From a specification standpoint, the enhancement that is required is the following: the entity performing the positioning calculation should know which measurements can be assumed to have a same bias/timing-error/GD. In other words, we can enhance both UEs’ and gNBs’ reports to include a Timing Measurement Group (TMG) index, (in a similar way to how we have already included in the Rel-16’s DL-AoD UE’s report a beam index), which can be used by the UE to group the measurements according to their knowledge that, measurements tagged with the same index, have a same timing-bias/error/GD. 

For example, a UE may report which measurements are associated with a a common Timing Group, e.g., if the UE can guarantee that 2 measurements are performed using the same panel in FR2 on close-by PRS resoures, it may be able to inform the LMF that these 2 measurements have the same Rx timing error (where the “same” can be interpreted in the specification as having a timing error smaller than a threshold). In such a scenario, the LMF could use this “side information” to enhance the performance, by, e.g., subtracting the measurements to create differential measurements and removing the common (and unknown) bias that the measurements contain. A similar reporting could also be done by a gNB to an LMF or to a UE (UE-based DL-TDOA), as a gNB may, for example, measure multiple SRS transmissions from the same UE with the same or with different panels, and thus may have the same or different group-delay errors impacting the corresponding gNB Rx-Tx measurements.
Proposal 1: Support UE and gNB reporting enhancements for the purpose of providing information, to the entity performing the positioning calculation, related to which measurements can be assumed to have a same Tx, or Rx, or Rx-Tx timing error. 
· Applicable to both UE-assisted and UE-based methods
· FFS: Further signaling details, capabilities, procedures

3.1.1 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. 
3.1.2 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 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). 
3.1.3 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 legacy DL-TDOA and legacy RTT without timing errors. 
[image: ]
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3.2 Double Differential Positioning 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), in which case one can name such 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.  
Overall, from specification standpoint, there is no need to define a new differential (or double differential) method, in order to enable a double differential variation of the already supported positioning methods. However, what is required is to support the configuration of a gNB to measure PRS of other TRPs, and report gNB Rx-Tx measurements derived on PRS reception and transmission (in current specification gNB Rx-Tx is derived between PRS transmission and SRS reception, and there is no NRPPa signaling to configure a gNB to measure PRS from another TRP). 
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. 
Table 1 Summary of Sensivity of Timing-based methods to different timing errors (Yes: Sensitive, No: Robust)
	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



Proposal 2: Support mechanisms and signaling to enable PRS reception by TRPs and associated reporting of gNB measurements derived on PRS reception and/or PRS transmission timing. 
· FFS: Signaling details and procedures

3.2.1 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: ]
3.3 Grouped-Measurement Reporting in a single Measurement Report
[bookmark: _Hlk40375023]In NR Rel-16, in a UE’s measurement report, a UE can include multiple measurements on the same set of TRPs (PRS-IDs) which are derived on different PRS resources (up to 4 measurements), as the spec describes in 38.214: 

	The UE may be configured to measure and report, subject to UE capability, up to 4 DL RSTD measurements per pair of cells with each measurement between a different pair of DL PRS resources or DL PRS resource sets within the DL PRS configured for those cells. The up to 4 measurements being performed on the same pair of cells and all DL RSTD measurements in the same report use a single reference timing. 
The UE may be configured to measure and report, subject to UE capability, up to 4 UE Rx-Tx time difference measurements corresponding to a single configured SRS resource or resource set for positioning. Each measurement corresponds to a single received DL PRS resource or resource set which can be in different positioning frequency layers. 



However, such a reporting, even though it enables the UE to report measurements on different beams of the same TRPs, is suboptimal for the following scenario: Consider the case of DL PRS measurements for which
· A UE is scheduled with PRS measurement, with a measurement occasion (MO) every X msec
· UE is scheduled to send with PRS report with periodicity of K*X msec.

There will K Measurement Occasions (MO) between two measurement report, as shown in below diagram.
[image: ]

During those MOs there can be time domain drifts or GD variations either in the DL or UL at the UE (or at the gNB). 
· In RTT, a UE may decide to report measurements associated to one MO, whereas a gNB may decide to report measurements associated to another MO. Then, the RTT would be affected by the mismatch of the time-stamps between the DL and the UL measurements
· In DL TDOA, having the knowledge of multiple measurements across time, may enable determining any time drift in the PRS Tx, or SRS Tx, or calibrating the measurements, or enabling better time-domain filtering to reduce the effects of time-varying timing errors. 

Proposal 3: Support enhancements in the reporting of the positioning measurements (from the UE and the gNB) to enable reporting in a single report multiple measurements:
· [bookmark: _Hlk40375026]Enable multiple measurement reporting in a single report with timestamps derived on the same TRP & PRS resources 
3.4 RTD Assistance Data Enhancements: Per-PRS resource RTD
In NR Rel-16, the RTD information is provided in the assistance data for each TRP:
	–	NR-PositionCalculationAssistance
The IE NR-PositionCalculationAssistance is used by the location server to provide assistance data to enable UE‑based downlink positioning.
-- ASN1START
NR-PositionCalculationAssistance-r16 ::= SEQUENCE {
	nr-trp-LocationInfo-r16 		NR-TRP-LocationInfo-r16				OPTIONAL,	-- Need ON
	nr-dl-prs-BeamInfo-r16			NR-DL-PRS-BeamInfo-r16				OPTIONAL,	-- Need ON
	nr-rtd-Info-r16					NR-RTD-Info-r16						OPTIONAL,	-- Need ON
	...
}
-- ASN1STOP



Even if the RTD information is provided per TRP, the DL-PRS RSTD measurements in NR are made per DL-PRS Resource. The UE can report the PRS resource ID(s) or PRS resource set ID(s) used for determining the timing of each TRP in the RSTD measurements. The UE derives RSTD for pairs of PRS resources and not for pairs of TRPs. If the PRS resources are transmitted from different beams or panels, it may happen that there are significant time differences at the transmission timing, which cannot be provided to the UE. This appears as a Tx gNB timing error and limits the performance of UE-based DL TDOA. For example, if beams for different PRS resources are formed using different sets of antenna elements, possibly from different sets of panels that are driven by different clocks or have other internal HW delay variations, such information would allow determining the RTD more precisely. 
[bookmark: _Hlk61362801]Proposal 4: Include transmit time difference information for each DL-PRS Resource of a TRP with respect to a reference in the position calculation assistance data.
· FFS: Details on the transmit time difference signaling
3.5 SRS Timing Adjustments reporting
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 LMF. 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). 
[image: ]
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 requested TA), 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). 
[image: ]
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. 
[bookmark: _Hlk61362814]Proposal 5: Support Tx Timing Adjustment information Reporting from UEs to the LMF for DL+UL or UL-only positioning.
4 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 unknown 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 

Proposal 1: Support UE and gNB reporting enhancements for the purpose of providing information, to the entity performing the positioning calculation, related to which measurements can be assumed to have a same Tx, or Rx, or Rx-Tx timing error. 
· Applicable to both UE-assisted and UE-based methods
· FFS: Further signaling details, capabilities, procedures

Proposal 2: Support mechanisms and signaling to enable PRS reception by TRPs and associated reporting of gNB measurements derived on PRS reception and/or PRS transmission timing. 
· FFS: Signaling details and procedures

Proposal 3: Support enhancements in the reporting of the positioning measurements (from the UE and the gNB) to enable reporting in a single report multiple measurements:
· Enable multiple measurement reporting in a single report with timestamps derived on the same TRP & PRS resources 

Proposal 4: Include transmit time difference information for each DL-PRS Resource of a TRP with respect to a reference in the position calculation assistance data.
· FFS: Details on the transmit time difference signaling

Proposal 5: Support Tx Timing Adjustment information Reporting from UEs to the LMF for DL+UL or UL-only positioning.
5 [bookmark: _Ref450583331]References
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Introduction


 


At RAN


 


#


90


-


e meeting, 


a new WID on NR Positioning Ennhancements


 


was approved [1] with the 


following RAN1 centric objectives


: 


 


·


 


Specify methods, measurements, signalling, and procedures for improving positioning 


accuracy of the Rel


-


16 NR positioning methods


 


by mitigating UE Rx/Tx and/or gNB Rx/Tx 


timing delays, includin


g


 


[RAN1]


 


o


 


DL, UL and DL+UL positioning methods


 


o


 


UE


-


based and UE


-


assisted positioning solutions


 


·


 


Specify the 


procedure, measurements, reporting, and signalling 


for improving the 


accuracy of [RAN1]


 


o


 


UL AoA for network


-


based positioning solutions.


 


o


 


DL


-


AoD


 


for UE


-


based and network


-


based (including UE


-


assisted) positioning 


solutions.


 


Note: RAN1 will discuss the candidate solutions and provide updates for this objective, with 


status to be reviewed in RAN#91e.


 


 


The 


main 


a


greement in RAN1 that led to the 


first main bullet of the above objectives is shown below:


 


 


Agreement:


 


Capture the following in the TR:


 


·


 


The methods, measurements, signaling, and procedures for improving positioning accuracy 


in the presence of the UE Rx/Tx timing delays, and/or and gNB Rx/


Tx timing delays are 


recommended for normative work, including 


 


o


 


DL, UL and DL+UL positioning methods 


 


o


 


UE


-


based and UE


-


assisted positioning solutions


 


·


 


Note: The details of the solutions are left for further discussion in normative work.


 


 


In this paper, we present our views 


on potential enhancements related to mitigating timing errors at 


the gNB and the UE for both UE


-


assisted and UE


-


based positioning


.


 


2


 


Discussion on 


Group Delay Variations & Timing Errors


 


Improved accuracy is one of the main


 


targets for the NR Rel


-


17 Study Item. Specifically


, NR 


Positioning in Rel


-


17 should specify enhancements to meet, 


for general commercial use cases,


 


a 


sub


-


meter level position accuracy (< 1 m)


 


and, f


or IIoT Use Cases,


 


a cm


-


level 


position accuracy (< 0.2 


m)


. Timing


-


based Positioning (TDOA, and RTT) are considered the main methods 


to be used to try 


to reach the required targets. However, such methods can be sensitive to timing errors resulting from 


unknown, or uncalibrated, or time


-


varying group delay errors,


 


either at the transmission or at the 


reception. These correspond to the timing errors which are introduced due to non


-


idealities between 


the baseband and the Antenna units as graphically shown in the figure below:
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