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Introduction
In RAN4#93 meeting, the following agreements were reached regarding PRS-RSTD measurements [1]:
RSTD Reporting Range:
· RSTD reporting range
· The Max/Min reported values are same as in LTE for FR1 and FR2
RSTD measurement period:
· Non-DRX requirements apply for RSTD measurement period, regardless of whether and which DRX configuration is configured for the UE.
Intra-, inter-frequency RSTD definition:
· Intra-frequency and inter-frequency definition are FFS; they depend on definition of PRS frequency layer which is being discussed in RAN1.
Reporting criteria for RSTD measurement:
· Need to check RAN2 signaling and configuration to conclude Ecat

RSTD measurement under cell change:
· The UE shall continue RSTD measurement after each serving cell change for:
· intra-frequency handover,
· inter-frequency handover,
· In this case the RSTD measurement period shall be extended. Details are FFS.


In this paper, we discuss some of the remaining issues on PRS-RSTD measurements. 
Intra-frequency vs. inter-frequency RSTD
From the previous two RAN1 meetings, the following agreements were captured on the definition of the “positioning frequency layer”:
Agreement:
· Rename “frequency layer” to “positioning frequency layer” in previous agreements for positioning in Rel-16
· In the agreements made in RAN1 related to NR positioning, a “positioning frequency layer” is a collection of DL PRS Resource Sets across one or more TRPs which have
· the same SCS and CP type
· the same centre frequency
· the same point-A (already agreed)
· FFS: details on configured BW

Agreement:
All DL PRS Resource Sets belonging to the same Positioning Frequency Layer have the same value of DL PRS Bandwidth and Start PRB
In previous meetings, pros and cons of defining intra-frequency vs inter-frequency RSTD measurements were discussed (e.g., [2]). In [2], it was proposed to define intra-frequency RSTD as when the SCS, CP, BW, and point-A of a DL PRS resource is the same as those of reference DL PRS resource and also same as those in UE’s active BWP. Given the most recent agreement in RAN1 in which all PRS resources within a positioning frequency layer have the same point-A, SCS, CP and BW, the proposal in [2] is now reduced to defining intra-frequency RSTD as RSTD measurements within the same positioning frequency layer if the SCS and CP of the positioning frequency layer is the same as UE’s active BWP and the BW of the positioning frequency layer is contained within the UE’s active BWP. 
Proposal 1. Intra-frequency RSTD is defined as RSTD measurements within the same positioning frequency layer if the SCS and CP of the positioning frequency layer is the same as UE’s active BWP and the BW of the positioning frequency layer is contained within the UE’s active BWP.
With this definition, it will not be possible to perform inter-frequency RSTD measurement without gaps. Moreover, UE may not require measurement gap for intra-frequency RSTD measurement. However, there is a new discussion in RAN1 related to UE feature list [3] in which a capability is accommodated for UE’s that can measure and process PRS resources only through measurement gaps and another capability for UE’s that can measure and process PRS resources both with and without measurement gaps. For UE’s with capability to measure PRS only with measurement gaps, the definition of intra-frequency vs. inter-frequency RSTD may become irrelevant as the core and performance requirements may not be different. 
Table 1 Possibilities with measurement with and without gaps in intra-freq and inter-freq RSTD
	
	Intra-freq
	Inter-freq

	With Gap
	MaybeNOTE
	Yes

	No Gap
	Yes
	No

	NOTE: subject to agreement of UE capability to process PRS only with gap in RAN1



In our view, RAN4 should wait for further progress in UE feature list discussion and then discuss whether the requirements for a UE that can only process PRS with measurement gap (if agreed) would be any different between intra-frequency and inter-frequency RSTD scenarios. 
Measurement requirements
 Measurement period
As discussed in [2], in DL-TDOA, reporting delay requirements will depend on several factors as in the following:
· Periodicity of PRS resource set(s)
· Total number of PRS resources to be measured subject to UE capability
· UE processing power per measurement window
· UE buffering (memory) budget per measurement window
· Delay related to a single PRS resource including sampling and processing time
· Number of frequency layers to be measured
· PRS repetition factor as configured by DL-PRS-ResourceRepetitionFactor

In the RAN1 agreement (and also UE feature list document [3]), capabilities regarding maximum number of PRS resources that UE can advertise to be capable of measuring are listed as:
Agreement:
UE can be configured for DL PRS processing according to the following table:

	Description
	Maximum numbers for DL PRS resources
	Values that can be signaled as part of UE Capability 

	Max number of frequency layers (X1)

	X1=4

	Values = {1,4}
FFS: other values

	Max number of TRPs per frequency layer (X2)
	X2=64
	

	Max number of PRS resource sets per TRP (X3) per frequency layer
	X3=2

	Values = {1,2}

	Max number of Resources per PRS resource set (X4)
	X4=64

	
FFS: values

	Max number of DL PRS Resources per UE (X5)
	NA
	FFS: values

	Max number of TRPs for all frequency layers (X6) per UE
	256
	FFS: values

	Max number of Resources per frequency layer (X7)
	NA

	FFS: values


Note: This does not constrain in any way how features and feature sets are defined. The values in the table above may or may not be signalled to be different for different features or feature sets.
In addition to the above, [3] introduces two more UE capabilities as duplets {N1,T1} and {N2,T2} to signal maximum UE processing load and maximum UE memory budget, respectively:
· A limit on the maximum number N1 of DL PRS resources the UE is expected to measure across all TRPs and frequency layers within a measurement window of T1 msec reported as a list of duplets {N1, T1} when measurement gaps are configured

· A limit on the maximum number of symbols N2 containing PRS resources of maximum bandwidth the UE is expected to measure within a measurement window of T2 msec reported as a list of duplets {N2, T2} when measurement gaps are configured

Similar duplets also exist for when measurement gaps are not configured. 

The following analysis focuses on the derivation of measurement delay for one frequency layer when measurement gaps are configured and UE signals one duplet {N1,T1} and one duplet {N2,T2} as a starting point for discussion.

The measurement delay requirement is determined by:
· The maximum number of DL PRS resources that UE measures subject it its capability
· The time required to process DL PRS resources that UE is configured to measure 
· The time required to buffer DL PRS resources that UE is configured to measure

Maximum number of PRS processes: 

For each frequency layer configured, the maximum number of DL PRS resources can be 

Where the first term, determines the maximum number of PRS resources that can be configured to a UE per frequency layer, and  is the upper bound on the number of PRS resources per frequency layer.  are signaled UE capabilities for DL-TDOA positioning method.

Observation 1. Max number of DL PRS resources per frequency layer constrained by UE capability is 

Time required for PRS processing: 

The time required for PRS processing of configured resources is a function of the duplet {N1, T1}. Figure 1 illustrates an example of several PRS resources spanning a time duration (LPRS) in ms, corresponding to the time lapse from the first symbol of the earliest PRS resource to the last symbol of latest PRS resource. The periodicity of these PRS resources are assumed to be all equal to TPRS. The time required to consume  PRS resources according to duplet {N1, T1} is:




However, this is subject to presence of PRS resources in a slot which is periodic. Given length LPRS appearing every TPRS , the total number of required periods, in units of TPRS , for PRS processing can be expressed as:




Figure 1 Time duration spanned by all DL PRS resources (LPRS) and PRS periodicity (TPRS) with SCS = 15 kHz
Observation 2. The total number of required PRS periods, in units of TPRS to process PRS resources is  where  and {N1, T1} is the signalled capability duplet for PRS processing. 

Time required for PRS buffering: 
Similarly, the time required for PRS buffering of configured resources is a function of duplet {N2, T2}. The time required to consume  PRS symbols according to duplet {N2, T2} is:



Where  corresponds to the total number of PRS symbols from  PRS resources. This number depends on the PRS configurations (e.g., comb pattern, DL-PRS-ResourceRepetitionFactor, …). The total number of PRS periods, in units of TPRS , required for PRS buffering can be expressed as:



Observation 3. The total number of PRS periods, in units of TPRS, required to process PRS resources is  where  and {N2, T2} is the signalled capability duplet for PRS buffering.

Finally, the measurement period formula can be expressed as:

 
Which accounts for both processing and buffering capability of UE. 
Proposal 2. PRS-RSTD measurement period for  PRS resources in one frequency layer can be expressed as 
Where 
·  is the UE processing time as expressed in Observation 2 (FFS)
·  is the UE buffering time as expressed in Observation 3 (FFS)
· When UE signals a list of {N1,T1} and {N2,T2}, as opposed to one {N1,T1} and one {N2,T2}, a separate  is derived for each pair and max of all  is used.

 Measurement accuracy
As proposed in [2], the measurement accuracy requirements for PRS-RSTD should be based on one-shot measurement. Combining measurements across repetition windows, if available, to improve performance should be left to UE implementation. All the simulation results in [4] are also based on one-shot estimation.
Proposal 3. PRS-RSTD measurement accuracy requirements to be defined using samples from only one DL PRS resource repetition for reference and neighbor, i.e., the time duration spanned by one DL PRS resource after repetition by DL-PRS-ResourceRepetitionFactor.  Combining measurements across PRS repetitions, if possible and available, to improve performance should be left to UE implementation.
Measurement report mapping
In LTE, RSTD report mapping table used a non-uniform step size with smaller  resolution in lower absolute RSTD values and higher resolution in larger absolute RSTD values. In previous RAN4 meetings, there were proposals to use the same approach in NR positioning. However, the following agreement was made in RAN1#99:
Agreement:
· The reporting granularity for the UE/gNB timing measurements (DL RSTD, the UE Rx-Tx time difference, UL RTOA, gNB Rx-Tx time difference) is defined as , where k is a configuration parameter with a minimum value of at most 0.
· Note: RAN4 can determine if -1 can be a minimum value
· RAN1 assumes that the details of the reporting granularity and ranges for the UE/gNB timing measurements (DL RTSD, the UE Rx-Tx time difference, UL RTOA, gNB Rx-Tx time difference) will be determined by RAN4, including the potential relation of the parameter k to DL PRS bandwidth.
· Include above information in an LS to RAN2/RAN3/RAN4


Based on the above agreement, the reporting granularity cannot be non-uniform. RAN4 can adjust the reporting granularity based on DL PRS bandwidth but using a different granularity for smaller vs. larger values in the same DL PRS BW is a violation of RAN1 agreement. Measurements with larger RSTD values correspond to farther cells and depending on their quality metric, they can be as important in the positioning fix. So there is no reason to use a coarser granularity for them.
Observation 4. Using a different granularity for smaller vs. larger PRS-RSTD values of the same DL PRS BW is a violation of RAN1 agreement. PRS-RSTD measurements with larger values correspond to farther cells and they can be as important in the positioning fix. There is no reason to use a coarser granularity for them.
Proposal 4. RAN4 to use uniform report mapping table(s) for PRS-RSTD measurements, i.e., smaller and larger PRS-RSTD values to have the same reporting granularity. 
The UE’s reporting granularity should depend on configured DL PRS BW. Based on AWGN results tabulated in [4], the accuracy of RSTD estimation can approach 1/(2*BW) which matches the theoretical expectation. For instance, in 200 MHz PRS BW, the accuracy level in AWGN can be ~2.5 ns which is ~5Tc. The reporting granularity, however, should be significantly better than the achievable accuracy to not affect the positioning error. Hence, in the following table, the proposed reporting granularity for different PRS BW is summarized which is smaller than achievable accuracy by at least a power of 2.
Proposal 5. Reporting granularity for PRS-RSTD measurement to be as in Table 2.
Table 2 Proposed reporting granularity for PRS-RSTD measurement
	DL PRS BW (MHz)
	Theoretical accuracy (ns)
	Reporting Granularity (ns)
	k

	≤ 25
	20
	8.1
	4

	≤ 50
	10
	4.1
	3

	≤ 100
	5
	2.0
	2

	≤ 200
	2.5
	1.0
	1

	≤ 400
	1.25
	0.5
	0



Next, the report mapping table is discussed. The following agreement was made in RAN1 regarding the range of expected RSTD and its uncertainty:
Agreement:
The expected RSTD value is a single value defined as the RSTD the UE is expected to measure (at the UE location).
· The value range of the expected RSTD is +/- 500 us. 
· The value range for the uncertainty of the expected RSTD is
· When any of the resources used for the DL positioning measurement are in FR1: +/- 32 us
· When all of the resources used for the DL positioning measurement are in FR2: +/- 8 us


In LTE, the max RSTD in report mapping table is +/- 15391Ts which translates to ~501 us. This is aligned with the RAN1 agreement above except that in the worst case scenario, UE may have to report RSTD value of +/- 532 us in FR1. Considering the 4Tc granularity (k=2) for max possible PRS BW of 100 MHz in FR1, each PRS-RSTD report will need a maximum of log2 (2*500 us / (4*Tc) ) = 19 bits with report mapping table as in Table 3:
Table 3 PRS-RSTD measurement report mapping for FR1 with 100 MHz PRS BW
	Reported Value
	Measured quantity value
	Unit

	RSTD_0
	
	Tc

	RSTD_1
	
	Tc

	…
	…
	…

	RSTD_246257
	
	Tc

	RSTD_246258
	
	Tc

	…
	…
	…

	RSTD_492514
	
	Tc

	RSTD_492515
	
	Tc



Proposal 6. Use Table 3 for PRS-RSTD measurement report mapping for FR1 with 100 MHz PRS BW when UE also measures PRS with 100 MHz. 
· RAN4 to consider extending the RSTD report mapping range to +/- 532 us as it does not increase the bitwidth of each measurement report.

In FR2, the finest granularity can be Tc (k=0) for PRS BW of 400 MHz. Spanning the same RSTD range as in FR1 will require 21 bits. However, max RSTD of 500us in FR2 leads to more than 1.5 km cell radius which is quite impractical, in our view. 
Observation 5. In FR2, max RSTD of 500 us leads to more than 1.5 km cell radius which is quite impractical in terms of PRS hear-ability. 
It is proposed to scale down the max value of RSTD by 4 (in the same manner than max RSTD uncertainty is scaled down from 32 us in FR1 to 8 us in FR2). Consequently, FR2 RSRD report mapping can also be fit with 19 bits. The report mapping table is proposed to be as in Table 4:
Table 4 PRS-RSTD measurement report mapping for FR2 with 400 MHz PRS BW
	Reported Value
	Measured quantity value
	Unit

	RSTD_0
	
	Tc

	RSTD_1
	
	Tc

	…
	…
	…

	RSTD_246257
	
	Tc

	RSTD_246258
	
	Tc

	…
	…
	…

	RSTD_492514
	
	Tc

	RSTD_492515
	
	Tc



Proposal 7. Scale down maximum RSTD range in FR2 by a factor of 4 (i.e., +/- 125 us) and adopt Table 4 for PRS-RSTD measurement report mapping for FR2 with 400 MHz PRS BW when UE also measures PRS with 400 MHz. 
· RAN4 to consider extending the RSTD report mapping range to +/- 133 us as it does not increase the bitwidth of each measurement report.

For Proposals 6-7, an important consideration is that PRS BW used for measurement report mapping is the minimum of configured DL PRS BW and the BW that UE can use for measurement subject to its capability. For instance, if UE is only capable of 200 MHz PRS measurement in FR2 but gNB configures PRS BW of 400 MHz, then 200 MHz PRS BW is used for measurement report mapping. In the same example, if UE supports measurement of 400 MHz PRS but only through measurement gaps, yet gNB does not configure the proper measurement gap, then 200 MHz PRS BW is again used for measurement report mapping. 
Proposal 8. PRS BW used for measurement report mapping is the minimum of configured DL PRS BW and the BW that UE can use for measurement subject to its capability.
Next, the need for differential PRS-RSTD reporting is discussed. From RAN1#99 agreement:
Agreement:
The prior agreement is updated as given below:
UE can be configured to measure and report up to [M] DL PRS RSTD measurements per pair of TRPs with each measurement between a different pair of DL PRS resources or DL PRS resource sets, and the M measurements being performed on the same pair of TRPs subject to UE capability
· All the RSTD measurements in a single report should have a single reference timing
· Note: Each RSTD measurement is between DL PRS Resources corresponding to different TRP IDs.
· M=[3] 4


Later on, it was agreed that M can be up to 4, subject to UE capability, as reflected in clause 5.1.6.5 of TS 38.214. 
The M PRS-RSTD report between different pairs of DL PRS resources or DL PRS resource sets of the same pair of TRP are logically close in value as they are a measure of distance between the same two geographically separated TRPs. The difference in their values arise from beamforming of PRS resources from each TRP. 
Observation 6. The value of M PRS-RSTD reports between different pairs of DL PRS resources or DL PRS resource sets of the same pair of TRP are close as they reflect the distance between the same two geographically separated TRPs.
Moreover, per the analysis in this section, each RSTD report requires a maximum of 19 bits in FR1 and FR2 which are larger than those in LTE (i.e., 14 bits) for each RSTD report. With increased number of DL resources that UE may need to measure, the overall impact is a significant growth in measurement report payload. 
To address this issue, it is proposed to use differential RSTD reporting within the set of M-1 measurements of the same pair of TRP and absolute RSTD reporting for only one of them. Since the values of these M measurements are close, a smaller number of bits are required to report each of the M-1 measurements resulting in reduction of report payload while fulfilling the measurement requirements. 
To achieve this, UE can report the minimum RSTD value from the set of M RSTD values with absolute report mapping as in Tables 3-4, and use positive differential RSTD value for the remaining M-1 RSTD values. Each RSTD pair will be identified by its ID per RAN2 agreement.
Proposal 9. RAN4 to define differential RSTD report mapping table. UE to report the minimum RSTD value from the set of M RSTD values of the same TRP pair with absolute report mapping as in Tables 3-4 and use positive differential RSTD value for the remaining M-1 RSTD values.
· FFS: the maximum range of differential RSTD report mapping 

A final note is on whether UE should use the same report mapping table as in Tables 3-4 for smaller PRS BW. In our view, such level of optimization does not provide a significant reduction in reporting payload compared to differential RSTD reporting in Proposal 9. In our view, the same report mapping table as in Tables 3-4 should be used for smaller PRS BW. 
Proposal 10. The same report mapping table as in Tables 3-4 should be used for smaller PRS BW as reduction in reporting payload is not as significant as differential RSTD reporting in Proposal 9.
Measurement reporting criteria
In DL-TDOA, UE can be configured with multiple frequency layers for PRS-RSTD measurement where each frequency layer can consist of multiple TRPs, each TRP can consist of multiple resource sets, and each set can consist of multiple resources. In Section 3.1, these advertised capabilities are described.
For each frequency layer, the maximum number of PRS-RSTD measurements is:

Where X2 is the total number of TRPs that can be configured according to UE capability (of which 1 TRP is used as reference TRP) and M is the maximum number of RSTD that UE should report for each TRP pair.  
Proposal 11. In DL-TDOA positioning, each PRS-RSTD measurement reporting criterion corresponds to one frequency layer with Ecat = 1 indicating  PRS-RSTD measurement reports.
· FFS: 

Conclusions
Proposal 1. Intra-frequency RSTD is defined as RSTD measurements within the same positioning frequency layer if the SCS and CP of the positioning frequency layer is the same as UE’s active BWP and the BW of the positioning frequency layer is contained within the UE’s active BWP.
Observation 1. Max number of DL PRS resources per frequency layer constrained by UE capability is 
Observation 2. The total number of required PRS periods, in units of TPRS to process PRS resources is  where  and {N1, T1} is the signalled capability duplet for PRS processing. 

Observation 3. The total number of PRS periods, in units of TPRS, required to process PRS resources is  where  and {N2, T2} is the signalled capability duplet for PRS buffering.

Proposal 2. PRS-RSTD measurement period for  PRS resources in one frequency layer can be expressed as 
Where 
·  is the UE processing time as expressed in Observation 2 (FFS)
·  is the UE buffering time as expressed in Observation 3 (FFS)
· When UE signals a list of {N1,T1} and {N2,T2}, as opposed to one {N1,T1} and one {N2,T2}, a separate  is derived for each pair and max of all  is used.

Proposal 3. PRS-RSTD measurement accuracy requirements to be defined using samples from only one DL PRS resource repetition for reference and neighbor, i.e., the time duration spanned by one DL PRS resource after repetition by DL-PRS-ResourceRepetitionFactor.  Combining measurements across PRS repetitions, if possible and available, to improve performance should be left to UE implementation.
Observation 4. Using a different granularity for smaller vs. larger PRS-RSTD values of the same DL PRS BW is a violation of RAN1 agreement. PRS-RSTD measurements with larger values correspond to farther cells and they can be as important in the positioning fix. There is no reason to use a coarser granularity for them.
Proposal 4. RAN4 to use uniform report mapping table(s) for PRS-RSTD measurements, i.e., smaller and larger PRS-RSTD values to have the same reporting granularity. 
Proposal 5. Reporting granularity for PRS-RSTD measurement to be as in Table 2.
Table 2 Proposed reporting granularity for PRS-RSTD measurement
	DL PRS BW (MHz)
	Theoretical accuracy (ns)
	Reporting Granularity (ns)
	k

	≤ 25
	20
	8.1
	4

	≤ 50
	10
	4.1
	3

	≤ 100
	5
	2.0
	2

	≤ 200
	2.5
	1.0
	1

	≤ 400
	1.25
	0.5
	0



Proposal 6. Use Table 3 for PRS-RSTD measurement report mapping for FR1 with 100 MHz PRS BW when UE also measures PRS with 100 MHz. 
· RAN4 to consider extending the RSTD report mapping range to +/- 532 us as it does not increase the bitwidth of each measurement report.
Table 3 PRS-RSTD measurement report mapping for FR1 with 100 MHz PRS BW
	Reported Value
	Measured quantity value
	Unit

	RSTD_0
	
	Tc

	RSTD_1
	
	Tc

	…
	…
	…

	RSTD_246257
	
	Tc

	RSTD_246258
	
	Tc

	…
	…
	…

	RSTD_492514
	
	Tc

	RSTD_492515
	
	Tc



Observation 5. In FR2, max RSTD of 500 us leads to more than 1.5 km cell radius which is quite impractical in terms of PRS hear-ability. 
Proposal 7. Scale down maximum RSTD range in FR2 by a factor of 4 (i.e., +/- 125 us) and adopt Table 4 for PRS-RSTD measurement report mapping for FR2 with 400 MHz PRS BW when UE also measures PRS with 400 MHz. 
· RAN4 to consider extending the RSTD report mapping range to +/- 133 us as it does not increase the bitwidth of each measurement report.


Table 4 PRS-RSTD measurement report mapping for FR2 with 400 MHz PRS BW
	Reported Value
	Measured quantity value
	Unit

	RSTD_0
	
	Tc

	RSTD_1
	
	Tc

	…
	…
	…

	RSTD_246257
	
	Tc

	RSTD_246258
	
	Tc

	…
	…
	…

	RSTD_492514
	
	Tc

	RSTD_492515
	
	Tc



Proposal 8. PRS BW used for measurement report mapping is the minimum of configured DL PRS BW and the BW that UE can use for measurement subject to its capability.
Observation 6. The value of M PRS-RSTD reports between different pairs of DL PRS resources or DL PRS resource sets of the same pair of TRP are close as they reflect the distance between the same two geographically separated TRPs.
Proposal 9. RAN4 to define differential RSTD report mapping table. UE to report the minimum RSTD value from the set of M RSTD values of the same TRP pair with absolute report mapping as in Tables 3-4 and use positive differential RSTD value for the remaining M-1 RSTD values.
· FFS: the maximum range of differential RSTD report mapping 

Proposal 10. The same report mapping table as in Tables 3-4 should be used for smaller PRS BW as reduction in reporting payload is not as significant as differential RSTD reporting in Proposal 9.
Proposal 11. In DL-TDOA positioning, each PRS-RSTD measurement reporting criterion corresponds to one frequency layer with Ecat = 1 indicating  PRS-RSTD measurement reports.
· FFS: 
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