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Introduction
In RAN4#92 meeting, NR positioning was discussed, and few general agreements were made:
· Only define RRM requirements for NR positioning in RRC_CONNECTED mode unless new scope of positioning in IDLE/INACTIVE mode is introduced
· Only define RSTD measurement requirement based on DL PRS


Per the work plan agreed in [1], DL PRS-based RSTD measurement is further discussed in this paper. More specifically, PRS configurations for which requirements should be defined, accuracy, report mapping, reporting criteria, and measurement delay, interruptions and scheduling restrictions are examined. 
DL PRS configuration
In LTE, PRS bandwidth can be from the set of {1.4, 3, 5, 10, 15, 20} MHz with number of PRS subframes per occasion (NPRS) from the set of {1, 2, 4, 6} leading to 24 permutations. However, RAN4 requirements were only defined for the permutations that resulted in acceptable positioning performance. Table 1 illustrates it by tabulating the NW overhead for PRS transmission for each case assuming normal CP with 2Tx antenna with 160ms periodicity for PRS occasions. Permutations in green cells have good performance and reasonable overhead and are the scenarios for which the requirements apply. Permutations in yellow cells have high overhead yet RAN4 requirements still apply. Permutations in red cells have unacceptable performance and no requirements apply to them. It is noted that the subset for which the requirements are defined (e.g., clause 9.1.10 of TS 36.133) is commonly used as a guideline for PRS deployments. 
Table 1 LTE PRS overhead (%) vs. performance
	PRS BW
	NPRS =1
	NPRS =2
	NPRS =4
	NPRS =6

	1.4 MHz
	0.0875
	0.175
	0.350
	0.525

	3.0 MHz
	0.1875
	0.375
	0.750
	1.125

	5.0 MHz
	0.3125
	0.625
	1.250
	1.875

	10 MHz
	0.625
	1.25
	2.500
	3.750



PRS in NR has significantly more flexibility compared to PRS in LTE. In addition to configurable BW ranging from 5 MHz to 100 MHz (FR1) and 400 MHz (FR2), number of symbols for DL PRS can now be configurable from at least the set of {2, 4, 6} with other values as FFS. More permutations are also possible considering number of PRS slots per occasion (NPRS), different PRS BW, and even DL PRS power boost. It is imperative that RAN4 follow the same method in LTE and focus on defining requirements for only a subset of PRS configurations with minimum possible overhead that show satisfactory performance. System level simulations, similar to those in Study Item or those for deriving the side conditions per [2], can be used to select these PRS configurations. RAN4 can discuss further what can be considered as satisfactory performance. A reasonable option is to be able to at least meet the regulatory requirements.
Observation 1. In LTE, RSTD requirements were defined for only a subset of possible PRS configurations based on tradeoff of acceptable performance vs. overhead. DL PRS in NR has even more configuration flexibility compared to PRS in LTE. 
Proposal 1. RAN4 to select a subset of DL PRS configurations for defining the requirements like LTE. The criterion for such selection can further be discussed but meeting regulatory requirements is a reasonable option. System simulations can be used to identify the subset. 
RSTD measurement accuracy 
OTDOA positioning method relies on UE measurement of several PRS resources within a window length less than time-to-fix (TTF). The number of PRS occasions available for measurement depend on a few factors such as PRS occasion periodicity, signal availability (e.g., due to muting pattern, gNB/UE beam mismatch, fading channel conditions), and the number of resources that UE has to measure. Though it may be possible to have more than one PRS occasion available to each resource, our view is that RSTD measurement accuracy should be defined for the worst-case scenario using samples from only one PRS occasion. Combining measurements across PRS occasions, if available, to improve performance should be left to UE implementation.
As in other measurements, the RSTD measurement accuracy requirements shall be applicable only if PRS slots satisfy the minimum side conditions for PRS Es/Iot and Io conditions which is to be determined based on the work plan in [2].
[bookmark: _Hlk20405211]Proposal 2. RSTD measurement accuracy to be defined using samples from only one PRS occasion. Combining measurements across PRS occasions, if available, to improve performance should be left to UE implementation.
RSTD report mapping
According to the commercial requirements for positioning, NR positioning should be able to support an accuracy of 3m in the horizontal plane, which effectively yields a TOA accuracy on the order of 10 ns. To ensure that the reporting granularity is not the bottleneck of the NR positioning, the entity performing the timing measurements (either the TRP, or the UE) needs to be able to report them to the location server at a precision level significantly better than 10 ns.
In LTE, the reporting range for RSTD is defined from -15391Ts to 15391Ts with 1Ts resolution for absolute value of RSTD less or equal to 4096Ts, and 5Ts for absolute value of RSTD greater than 4096Ts (clause 9.1.10.3 of TS 36.133). Higher resolution RSTD is also defined with 0.5Ts  resolution (clause 9.1.10.4 of TS 36.133). It is noted that Ts = 32.5 ns so at best the reporting granularity will be ~16 ns which results in an uncertainty that fails to meet the requirements. 
Observation 2. To meet commercial requirements, the reporting granularity of any timing measurement including RSTD must have a step size which is significantly smaller than 10 ns.
Hence, it is proposed to increase the bitwidth of the RSTD report mapping which can also accommodate forward compatibility with future releases. The smaller step size is proposed to be Tc = 0.509 ns and UE report mapping can be configured by higher layers to use a larger step size  where  = 0,1,2,3,4,5. 
Proposal 3. RSTD report mapping table to be specified with Tc = 0.509 ns as the smallest step size. UE report mapping can be configured by higher layers to use a larger step size  where  = 0,1,2,3,4,5.
RSTD reporting delay
As in LTE OTDOA, the following factors impact the RSTD measurement reporting delay:
· [bookmark: _Hlk20666322][bookmark: _Hlk20409370]Periodicity of PRS occasions
· Number of PRS resources to be measured
· UE processing power per PRS occasion
· RSTD uncertainty window as indicated by OTDOA assistance data
· Delay related to a single PRS positioning occasion including sampling and processing time
· Number of frequency layers to be measured

[bookmark: _Hlk21081271]Periodicity of PRS occasions: In LTE, measurement reporting delay requirements where defined for shortest PRS periodicity of 160ms and greater than 160ms (e.g., clause 8.1.2.5 of TS 36.133). In NR, the PRS occasion periodicity can be {4,8,16,32,64,5,10,20,40,80,160,320,640,1280,2560,5120,10240,20480} slots so shorter periodicity is possible compared to LTE. However, in our view, periodicity of 160ms strikes a good balance between performance (in terms of TTF) and impact on NW overhead. 
Number of PRS resources to be measured: In LTE, maximum of 16 cells can be included in OTDOA assistance data. In NR, each TRP can configure a PRS resource set comprising of multiple PRS resources. The maximum number of PRS resources to be measured by UE is yet to be determined in other working groups.
UE processing power per PRS occasion: This refers to number of PRS resources that can be processed and measured by UE per each PRS occasion. 
RSTD uncertainty window: In LTE, a maximum of 5us RSTD uncertainty is assumed in the reporting delay requirements. A large RSTD uncertainty for a PRS resource leads to multiple timing hypotheses for UE to measure which can be equivalent of increasing the number of PRS resources (i.e., one PRS resource with RSTD uncertainty large enough to result in two timing hypothesis is the same as two PRS resources with small RSTD uncertainty). Given different numerologies in NR, the limit on max RSTD uncertainty should be re-examined. For instance, 5us RSTD uncertainty for FR2 is quite large and leads to two symbol timing hypotheses. 
Delay related to a single PRS positioning occasion: In LTE, this is an integer multiple of minimum PRS periodicity (160ms) and includes sampling and processing time. The multiplier factor depends on the number of PRS resources to be measured. In NR, the same principle can be applied.
Number of frequency layers: This refers to whether the list of PRS resources to be measured include one or more frequency layers. Mixing of inter-frequency and intra-frequency RSTD measurements constitutes an increased delay in measurement reporting as in LTE. 
Other new aspects in NR may also impact RSTD reporting delay. For instance, an underlying premise in LTE OTDOA is time-alignment of PRS occasions from all cells which leads to reduced interference and improved hear-ability of PRS. In NR, this premise may no longer hold true due to possibility of PRS beamforming. A TRP can configure some PRS resources with wider beams and some with narrower beams with different periodicities. Moreover, larger number of PRS resources from all PRS resource sets and TRPs may render non-time-aligned PRS occasions. Hence, a staggered formation of PRS occasions can occur compared to time-aligned formation. In our view, RAN4 should define UE requirements assuming a limit on the number of PRS resources per a unit of time that UE can process, e.g., X number of resources per 160ms. The value of X can depend on the PRS BW (or FR1 vs. FR2). 
Furthermore, the reference for QCL Type-D in the list PRS resources UE should measure may not be known to UE in FR2. Similar to existing RRM measurement requirements, UE Rx beam sweeping must be considered for measurement delay requirements when in FR2. 
Observation 3. RSTD measurement reporting delay is impacted by at least the following factors:
· Periodicity of PRS occasions
· Total number of PRS resources to be measured
· UE processing power per a unit of time (e.g, PRS occasion)
· RSTD uncertainty window as indicated by OTDOA assistance data
· Delay related to a single PRS positioning occasion including sampling and processing time
· Number of frequency layers to be measured
· UE Rx beam sweeping factor in FR2

Proposal 4. RSTD measurement reporting delay formulation in LTE to be used as a starting point for NR. Moreover,
· Periodicity of PRS occasions: 
· Proposal 4a. 160 ms as in LTE to be considered as minimum periodicity 
· Number of PRS resources to be measured: pending discussions in RAN1
· UE processing power per a unit of time (e.g., PRS occasion): 
· Proposal 4b. RAN4 to define requirements assuming a UE processing power of X number of PRS resources per 160ms. The value of X can depend on PRS BW (or FR1 vs. FR2)
· RSTD uncertainty window as indicated by OTDOA assistance data: 
· Proposal 4c. RAN4 to define RSTD uncertainty depending on numerology (scaling down with increasing SCS)
· Delay related to a single PRS positioning occasion including sampling and processing time: further discussions in RAN1 and RAN4
· Number of frequency layers to be measured: pending discussions in RAN1 (definition of frequency layer)
· UE Rx beam sweeping factor in FR2: for further discussion in RAN4. 
RSTD reporting criteria
In LTE, RSTD reporting criteria corresponds to Ecat = 1. More precisely, the following appears in TS 36.133:
	Measurement category
	Ecat
	Note

	Intra-frequency RSTD
	1
	Intra-frequency RSTD measurement reporting for UE supporting OTDOA; 1 report capable of minimum 16 cell measurements for the intra-frequency 

	Inter-frequency RSTD
	1
	Inter-frequency RSTD measurement reporting for UE supporting OTDOA; 1 report capable of minimum 16 cell measurements for at least one inter-frequency. Only applicable as specified in Section 8.1.2.6. 

	Note: When the UE is configured with one SCell carrier frequency, the UE shall be capable of supporting at least 2 reporting criteria for all RSTD measurements configured to be performed on PCell carrier frequency, SCell carrier frequency and inter-frequency carrier. When the UE is configured with two SCell carrier frequencies, the UE shall be capable of supporting at least 3 reporting criteria for all RSTD measurements configured to be performed on PCell carrier frequency, the two SCell carrier frequencies and inter-frequency carrier. These requirements apply when there is a single on-going LPP OTDOA location session. 



In our view, NR RSTD reporting criteria should also set Ecat = 1 for intra-frequency and inter-frequency RSTD measurements. Details on the minimum number of cell measurements for each and how it should be scaled with number of SCell carrier frequencies should be further discussed. The note in the above table maps to maximum 3 frequency layers supported in signaling of UE measurement report.
Proposal 5. NR RSTD reporting criteria to set Ecat = 1 for intra-frequency and inter-frequency RSTD measurements. Details on the minimum number of cell measurements for each and how it should be scaled with number of SCell carrier frequencies should be further discussed.
Intra-frequency vs. inter-frequency DL PRS
Existing definition of intra-frequency and inter-frequency SSB-based measurements cannot be readily applied to DL PRS. In our view, intra-frequency vs. inter-frequency DL PRS definitions should follow those in CSI-RS for mobility. UE can measure DL PRS of a neighbor cell simultaneously with serving cell if the neighbor cell DL PRS has the same SCS of the serving cell DL PRS and is contained within the bandwidth of the serving cell DL PRS. However, the measurements of the two cells should ideally go through the same RF paths and impairments (e.g., droop) in order to fairly compare them. Otherwise, the measurement inaccuracy increases. Thus, it is proposed to define intra-frequency DL PRS as when the SCS, BW, CP, and location of neighbor DL PRS are the same as those of serving cell.
Observation 4. UE can measure DL PRS of a neighbor cell simultaneously with serving cell if the neighbor cell DL PRS has the same SCS of the serving cell DL PRS and is contained within the bandwidth of the serving cell DL PRS. However, the measurements of the two cells should ideally go through the same RF paths and impairments (e.g., droop) in order to fairly compare them. Otherwise, the measurement inaccuracy increases.
Proposal 6. RAN4 to define intra-frequency DL PRS as when the SCS, BW, CP, and location of neighbor DL PRS are the same as those of serving cell. Scenarios not falling under intra-frequency DL PRS are defined as inter-frequency DL PRS. 
With the above definitions, measurement gaps are needed when SCS of DL PRS is different from SCS of the active BWP or the DL PRS is not fully contained within the active BWP. 
Proposal 7. UE will need measurement gaps for DL PRS if the SCS or CP of DL PRS is different from SCS or CP of the active BWP or DL PRS is not fully contained within the active BWP. 
When UE has to change its active BWP to process a DL PRS resource (e.g., to process a higher BW PRS in the same frequency layer or to process PRS in another frequency layer), it will require a measurement gap. The placement of PRS slots within the measurement gap is important to minimize the interruption that UE will experience for BWP switch and RF tune. The BWP switch delay requirements for periodic PRS is similar to those in CSI-RS for mobility work item. Moreover, as a few slots of the measurement gap is needed for BWP switch to/from the active BWP, the effective number of PRS slots can become smaller than the configured NPRS in some scenarios which can impact accuracy requirements. This situation exists in LTE as well when NPRS = 6 is used within a measurement gap. The effective number of PRS subframes is reduced to 5 as 0.5ms is needed for RF tune-in and tune-back.
Observation 5. The placement of PRS slots within the measurement gap is important to minimize the interruption that UE will experience for BWP switch. The BWP switch delay requirements for periodic PRS are similar to those in CSI-RS for mobility work item.
Proposal 8. RAN4 to use the same BWP switch delay and interruptions as in CSI-RS for mobility for DL PRS processing with BW outside of the active DL BWP.
Per RAN1 specification, it is possible to allocate part of the active BWP (central part) to DL PRS and schedule other channels (e.g., PDCCH, PDSCH) on outer PRBs. This was also possible in LTE. However, PRS subframes/slots have historically not been co-scheduled with other DL channels/signals in LTE. In our view, it is beneficial to have scheduling restrictions on PRS slots. In resolution-limited scenarios, DL PRS needs to span the entire active BWP (and maybe even beyond) anyway. In noise-limited scenarios, DL PRS can be amplified by putting all of transmit power into a smaller PRS bandwidth. In FR2, UE may need to switch its Rx beam from the PDCCH/PDSCH beam to receive and process a PRS resource. We propose RAN4 to consider defining requirements for DL PRS under scheduling restrictions with no other DL channel/signal present in PRS slots.
Observation 6. It is beneficial to have scheduling restrictions on PRS slots. In resolution-limited scenarios, DL PRS needs to span the entire active BWP (and maybe even beyond) anyway. In noise-limited scenarios, DL PRS can be amplified by putting all of transmit power into a smaller PRS bandwidth. In FR2, UE may need to switch its Rx beam from the PDCCH/PDSCH beam to receive and process a PRS resource.
Proposal 9. RAN4 to consider defining requirements for DL PRS under scheduling restrictions with no other DL channel/signal present in PRS slots.
Conclusions
Observation 1. In LTE, RSTD requirements were defined for only a subset of possible PRS configurations based on tradeoff of acceptable performance vs. overhead. DL PRS in NR has even more configuration flexibility compared to PRS in LTE. 
Proposal 1. RAN4 to select a subset of DL PRS configurations for defining the requirements like LTE. The criterion for such selection can further be discussed but meeting regulatory requirements is a reasonable option. System simulations can be used to identify the subset. 
Proposal 2. RSTD measurement accuracy to be defined using samples from only one PRS occasion. Combining measurements across PRS occasions, if available, to improve performance should be left to UE implementation.
Observation 2. To meet commercial requirements, the reporting granularity of any timing measurement including RSTD must have a step size which is significantly smaller than 10 ns.
Proposal 3. RSTD report mapping table to be specified with Tc = 0.509 ns as the smallest step size. UE report mapping can be configured by higher layers to use a larger step size  where  = 0,1,2,3,4,5.
Observation 3. RSTD measurement reporting delay is impacted by at least the following factors:
· Periodicity of PRS occasions
· Total number of PRS resources to be measured
· UE processing power per a unit of time (e.g, PRS occasion)
· RSTD uncertainty window as indicated by OTDOA assistance data
· Delay related to a single PRS positioning occasion including sampling and processing time
· Number of frequency layers to be measured
· UE Rx beam sweeping factor in FR2

Proposal 4. RSTD measurement reporting delay formulation in LTE to be used as a starting point for NR. Moreover,
· Periodicity of PRS occasions: 
· Proposal 4a. 160 ms as in LTE to be considered as minimum periodicity 
· Number of PRS resources to be measured: pending discussions in RAN1
· UE processing power per a unit of time (e.g., PRS occasion): 
· Proposal 4b. RAN4 to define requirements assuming a UE processing power of X number of PRS resources per 160ms. The value of X can depend on PRS BW (or FR1 vs. FR2)
· RSTD uncertainty window as indicated by OTDOA assistance data: 
· Proposal 4c. RAN4 to define RSTD uncertainty depending on numerology (scaling down with increasing SCS)
· Delay related to a single PRS positioning occasion including sampling and processing time: further discussions in RAN1 and RAN4
· Number of frequency layers to be measured: pending discussions in RAN1 (definition of frequency layer)
· UE Rx beam sweeping factor in FR2: for further discussion in RAN4. 

Proposal 5. NR RSTD reporting criteria to set Ecat = 1 for intra-frequency and inter-frequency RSTD measurements. Details on the minimum number of cell measurements for each and how it should be scaled with number of SCell carrier frequencies should be further discussed.
Observation 4. UE can measure DL PRS of a neighbor cell simultaneously with serving cell if the neighbor cell DL PRS has the same SCS of the serving cell DL PRS and is contained within the bandwidth of the serving cell DL PRS. However, the measurements of the two cells should ideally go through the same RF paths and impairments (e.g., droop) in order to fairly compare them. Otherwise, the measurement inaccuracy increases.
Proposal 6. RAN4 to define intra-frequency DL PRS as when the SCS, BW, CP, and location of neighbor DL PRS are the same as those of serving cell. Scenarios not falling under intra-frequency DL PRS are defined as inter-frequency DL PRS. 
Proposal 7. UE will need measurement gaps for DL PRS if the SCS or CP of DL PRS is different from SCS or CP of the active BWP or DL PRS is not fully contained within the active BWP. 
Observation 5. The placement of PRS slots within the measurement gap is important to minimize the interruption that UE will experience for BWP switch. The BWP switch delay requirements for periodic PRS are similar to those in CSI-RS for mobility work item.
Proposal 8. RAN4 to use the same BWP switch delay and interruptions as in CSI-RS for mobility for DL PRS processing with BW outside of the active DL BWP.
[bookmark: _GoBack]Observation 6. It is beneficial to have scheduling restrictions on PRS slots. In resolution-limited scenarios, DL PRS needs to span the entire active BWP (and maybe even beyond) anyway. In noise-limited scenarios, DL PRS can be amplified by putting all of transmit power into a smaller PRS bandwidth. In FR2, UE may need to switch its Rx beam from the PDCCH/PDSCH beam to receive and process a PRS resource.
Proposal 9. RAN4 to consider defining requirements for DL PRS under scheduling restrictions with no other DL channel/signal present in PRS slots.
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