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Introduction
Work item on NR Positioning support was approved in [1]. The WID document has the following objectives:
Define new DL positioning reference signals applicable at least for DL-TDOA, DL-AoD, RTT
In this document, we discuss design of DL PRS for NR Positioning based on agreements made by RAN1 WG at the previous meetings (see Annex-A). Our views on other NR Positioning aspects are provided in companion contributions [3]-[5].
Configuration of DL Reference Signals for NR Positioning
DL PRS Configuration
DL PRS resource allocation is controlled by configuration DL PRS Resource Sets and DL PRS Resources (see Figure 1).


[bookmark: _Ref4316887]Figure 1: Structure for configuration of DL PRS transmissions
With respect to DL PRS Resource Set and DL PRS Resources, the following agreements were made by RAN1:
A DL PRS Resource Set is defined as a set of DL PRS Resources, where each DL PRS Resource has a DL PRS Resource ID. The DL PRS Resources in a DL PRS Resource Set are associated with the same TRP
A DL PRS Resource ID in a DL PRS Resource Set is associated with a single beam transmitted from a single TRP (A TRP may transmit one or more beams)
In addition, “DL PRS occasion” was defined as “one instance of periodically repeated time windows (consecutive slot(s)) where DL PRS is expected to be transmitted”
DL PRS Resource Allocation
RAN1 made the following agreement on DL PRS resources and transmissions during the study items phase:
	NR DL PRS design for FR1 and FR2 supports:
· Localized in time NR DL PRS transmissions with periodic and/or on-demand resource allocation
· FFS signaling details
· Dedicated NR DL PRS resources - time-frequency grid at resource block level 
· PRS transmitted in one cell may or may not collide with PRS transmissions in other cell
· e.g. frequency vShift/comb-offset is the same or different for two different PRSs in the same RB
· There is no data/control transmission in time-frequency grid of dedicated NR-DL PRS resources
· FDM multiplexing with other signals at RE level inside of PRS time-frequency grid is precluded


Taking into account the above agreement, definition of DL PRS Resources/Resource Set and occasions, the following options can be considered for DL PRS Resources / Resource Set allocation in DL PRS occasions:
Option 1: DL PRS Resource Set resources are mapped to DL PRS occasion and use the same DL TX spatial filter
· Enables UE RX sweeping across resources of DL PRS Resource Set and gNB TX sweeping across occasions 
Option 2: DL PRS Resource Set resources are mapped to DL PRS occasion and use different DL TX spatial filters
· Enables gNB TX sweeping across resources of DL PRS Resource Set and UE RX sweeping across occasions
Option 3: DL PRS Resource Set resources are distributed across multiple DL PRS occasions and use different DL TX spatial filter across multiple DL PRS occasions
· Enables gNB TX sweeping across DL PRS Resources mapped to multiple DL PRS occasions and UE RX sweeping across DL PRS occasions cycles
Option 4: DL PRS Resource Set resources are distributed across multiple DL PRS occasions and use the same DL TX spatial filter across multiple DL PRS occasions
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	Figure 4: DL PRS Resource Allocation Options


Described above options have tradeoff in terms of latency to complete full TX-RX sweep procedure, amount of allocated resources per DL PRS occasion and TX density per resource. Assuming that density per resource is the same, analysis of latency vs number of resources is presented in Table 1.
[bookmark: _Ref16499225]Table 1: Analysis of DL PRS Resource Allocation Options
	DL PRS Resource Allocation Option
	Number of DL PRS resources per DL PRS occasion per single TRP
	Number of DL PRS occasions for spatial relation acquisition (Beam pairing latency)

	Option 1
	
	DL PRS occasion period

	Option 2
	
	 DL PRS occasions

	Option 3
	1
	 DL PRS occasions 

	Option 4
	1
	 DL PRS occasions


 – number of DL TX beams,  – number of DL RX beams
From NR DL Positioning performance and design perspective, Option 1 and Option 2 are the most attractive and thus prioritized in this document for NR Positioning design in Rel.-16.
Proposal 1: 
· All DL PRS Resources of any DL PRS Resource Set are allocated inside one instance of DL PRS occasion
· DL PRS Resource Set is configured to be one of the following types:
· Type 1 - DL PRS Resources of DL PRS Resource Set apply the same DL TX spatial filter
· Type 2 - DL PRS Resources of DL PRS Resource Set apply different DL TX spatial filters
· Type 1 and Type 2 DL PRS Resource Sets are multiplexed in time

Resource Configuration
In this section, we continue discussion on DL PRS Resource configuration settings and focus on remaining opens based on the agreements below made by RAN1 WG last time.
Resource element offset in frequency domain
RAN1 agreed on configurable comb- size N and number of symbols M per DL PRS Resource. The RE Offset in frequency domain was also agreed, however its values were not fixed. The following agreement was made at the previous meeting:
	The RE pattern of a DL PRS is configured with an RE Offset in frequency domain for the first symbol in an DL PRS resource
The relative RE offsets of following symbols are defined relative to the RE Offset in frequency domain of the first symbol in the DL PRS resource
A relative RE offset of each of the following symbols is derived from the configured number of symbols for an DL PRS resource, the comb size for the DL PRS resource and the DL PRS symbol index within the DL PRS resource



In order to complete discussion on RE Offset pattern for DL PRS, in the next table we propose several RE Offset patterns that are recommended to be supported by NR Positioning (please also refer to Figure 6).
[bookmark: _Ref16086755]Table 2: Resource Element Patterns for DL PRS Transmission 
	
	Comb Size – N

	
	2
	4
	6

	Number of symbols per DL PRS Resource
M
	2
	{0, 1}
	{0, 2}
	{0, 3}

	
	4
	{0, 1, 0, 1}
	{0, 2, 1, 3}
	NA

	
	6
	{0, 1, 0, 1, 0, 1}
	NA
	{0, 3, 1, 4, 2, 5}





[bookmark: _Ref15310131][bookmark: _Ref20246513]Figure 10: RE Patterns for DL PRS Resources
The set of staggered patterns shown in Figure 10 can be re-produced using equation below:
									[Eq.1]
where,
 – resource element offset for the first symbol of DL PRS Resource
 – Comb size of the DL PRS Resource with possible values for DL in the set - {2, 4, 6, 12}
 – Number of symbols of the DL PRS Resource with possible values for DL in the set - {2, 4, 6, 12}
 – Symbol index in DL PRS Resource, values: 
 – Step size, configuration parameter
If  the equation (Eq.1) produces diagonal pattern. In order to obtain staggered patterns shown in Figure 10, the values of K = 1, 2, 3, 6, should be used for comb-size M = N = 2, 4, 6, 12 respectively.
[bookmark: _Ref19106324]Table 3. Configuration of staggered pattern for NR DL PRS
	
	K values

	Number of symbols
	Comb-size 2
	Comb-size 4
	Comb-size 6
	Comb-size 12

	2
	1
	2
	3
	6

	4
	1
	2
	N/A
	3

	6
	1
	N/A
	3
	2

	12
	1
	2
	3
	6



Proposal 2:  
For DL PRS, adopt resource element patterns derived by Eq.1 using parameters defined in Table 2

Starting slot and symbol of DL PRS Resource
The starting slot and symbol of DL PRS Resource within a given DL PRS Resource Set should be indicated by time offset to the starting symbol of DL PRS Resource Set (please refer to Figure 7). Time offset of DL PRS Resource should be defined with respect to the time offset of DL PRS Resource Set where that time offset of DL PRS Resource Set is defined relative to SFN-0 timing of serving cell. The time offset of DL PRS Resource should point to slot and starting symbol within a slot and thus can be represented by slot and symbol offsets:
Starting symbol offset: 0 – 12 symbols
Starting slot offset: 0 – (Periodicity-1) slots, where “Periodicity” is configurable parameter

Proposal 3:  
Starting slot and symbol of DL PRS Resource is defined relative to time offset of DL PRS Resource Set, which is determined with respect to SFN0 of serving cell
	Starting symbol offset: 0 – 12 symbols
Starting slot offset: 0 – (Periodicity-1) slots, where “Periodicity” is configurable parameter

Quasi-colocation information (QCL with other DL reference signals)
The discussion on QCL information is provided in our companion contribution [5]. In summary, we propose to signal the following QCL information in FR1 (Table 3) and FR2 (Table 4).
[bookmark: _Ref16452523]Table 3: DL PRS QCL for FR1
	Target RS
	DL RS – 1
	QCL type – 1

	DL PRS
	SSB
	QCL type C

	
	CSI-RS for Tracking
	QCL type A

	
	DL PRS
	QCL type A



[bookmark: _Ref16452525]Table 4: DL PRS QCL for FR2
	Target RS
	DL RS – 1
	QCL type – 1
	DL RS – 2
	QCL type – 2

	DL PRS
	SSB
	QCL type C
	SSB
	QCL type D

	
	
	
	CSI-RS for BM
	QCL type D

	
	CSI-RS for Tracking
	QCL type A
	CSI-RS for Tracking
	QCL type D

	
	DL PRS
	QCL type A
	
	



Note: QCL type A: Doppler shift, Doppler spread, average delay, delay spread; QCL type B: Doppler shift, Doppler spread; QCL type C: Average delay, Doppler shift.

Power offset b/w DL PRS and SSB
In CSI-RS framework, similar threshold is used to derive CSI-RS EPRE and applied for radio-link monitoring and UL PC for PUSCH. The use of this power offset for NR Positioning needs further discussion.

Numerology (DL PRS Subcarrier Spacing and Cyclic Prefix)
The following two alternatives were discussed with respect to SCS and CP type configuration:
Alt. 1: A DL PRS resource set
Alt. 2: A frequency layer
In our view, all DL PRS Resources across multiple DL PRS Resource Sets should be configured with a common settings for CP type and SCS. Therefore, frequency layer is a more suitable option to configure numerology settings for DL PRS rather than DL PRS Resource Set. According to RAN1 discussion, the term frequency layer was changed to the term Measurement Object for NR (measObjectNR). In order to be consistent with this change we propose to introduce measurement object for NR DL PRS positioning instead of frequency layer.

Proposal 4: 
SCS and CP type of DL PRS are defined above DL PRS Resource Set level 
e.g. corresponding DL PRS measurement object that collects resources with common parameters in terms of SCS, CP type, Point A and PRS BW
Common SCS and CP type settings are used across all DL PRS Resources within DL PRS measurement object

Transmission BW and starting PRB with respect to Point A
Similar to numerology, the DL PRS transmission BW and offset to start PRB relative to reference Point A can be also defined per measurement object for DL PRS. In terms of granularity, the most flexible option is to use PRB level granularity for BW and start PRB indication. 

Proposal 5: 
Point A for DL PRS, DL PRS BW and start PRB are defined per DL PRS measurement object
PRB-level granularity is used for indication of start PRB and DL PRS BW
Number of symbols
Number of symbols per DL PRS resource is agreed to be configured from the set {2, 4, 6}. Considering hearability issues are quite typical especially for deployments with large inter-site distance, we propose to add 12 symbols as a possible configuration per DL PRS resource.

Proposal 6: 
Support configuration of 12 symbols per DL PRS Resource

Additional configuration settings for Comb-N values
The agreed set of Comb-N values is rather flexible and consistent with the number of symbols per DL PRS resource. The agreed Comb-N values may fit multiple coverage scenarios. However if 12 symbols are agreed it is also reasonable to support comb-12 to cover very dense deployment scenarios.

Proposal 7: 
· Support configuration of Comb-12 per DL PRS Resource if 12 symbols are agreed

Periodicity of DL PRS Resource Allocation
The following set of DL PRS periodicity values was agreed {4, 5, 8, 10, 16, 20, 32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240, 20480}. There is an FFS whether agreed values are applicable for all SCS. Our views on this aspect are as follows:
15kHz SCS: {4, 5, 8, 10, 16, 20, 32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240} slots
30kHz SCS: {8, 10, 16, 20, 32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240, 20480} slots
60kHz SCS: {16, 20, 32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240, 20480, 40960} slots
120kHz SCS: {32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240, 20480, 40960, 81920} slots
In our design we assume that DL PRS occasion periodicity is the same as the periodicity of DL PRS Resource Set allocation.
Proposal 8: 
Support the following periodicity settings of DL PRS resource allocation depending on SCS
15kHz SCS: {4, 5, 8, 10, 16, 20, 32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240} slots
30kHz SCS: {8, 10, 16, 20, 32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240, 20480} slots
60kHz SCS: {16, 20, 32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240, 20480, 40960} slots
120kHz SCS: {32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240, 20480, 40960, 81920} slots

Common Settings across DL PRS Resources of DL PRS Resource Sets
RAN1 still need to discuss whether certain DL PRS Resource parameters are to be defined at DL PRS Resource, DL PRS Resource Set level or even higher. Parameters defined at DL PRS Resource Set levels will have common values across all DL PRS Resources within considered DL PRS Resource Set or above. 
The following proposal provides our view with respect to definition of DL PRR Resource parameters at the DL PRS Resource or DL PRS Resource set level:

Proposal 9: 
The following DL PRS Resource parameters are defined at DL PRS Resource level:
DL PRS Resource ID
DL PRS Sequence ID
Starting slot and symbol of DL PRS Resource
Starting slot is defined with respect to start slot of DL PRS Resource Set
Starting symbol is defined with respect to start slot of DL PRS Resource
DL PRS QCL Info
The following parameters describing DL PRS Resource are defined at DL PRS Resource Set level or above:
Resource Element Offset in Frequency Domain
Comb-N Size of DL PRS Resource
Number of symbols per DL PRS Resource

Resource Set Configuration
In this section, we define attributes to describe DL PRS Resource Set configuration settings:
Cell ID
· Indicates to which cell the configured DL PRS Resource Set belongs to.
DL PRS Resource Set ID
· Uniquely identifies configured DL PRS Resource Set
Slot Offset of DL PRS Resource Set
· Provides time offset to the start slot of a given DL PRS Resource Set relative to SFN0 of serving cell (please refer to Figure 7)
List of DL PRS Resource IDs
· Uniquely identifies DL PRS Resources in a given DL PRS Resource Set (please refer to Figure 7)
Number of Repetitions
· Indicates number of consecutive repetitions of DL PRS Resource Set allocation within single DL PRS occasion (please refer to Figure 7)
Spatial filter indicator (Repetition On/Off)
· Indicates whether the same DL Tx spatial filter (antenna port) is applied across all DL PRS Resources within a DL PRS Resource Set and its repetitions. Needed for RX antenna training across DL PRS Resources
Muting Pattern(s)
· Indicates DL PRS muting pattern acting across Repetitions of DL PRS Resource Set or DL PRS occasions



[bookmark: _Ref15036046]Figure 11: DL PRS Resource Allocation

Based on description of the above fields, we have following proposal on DL PRS Resource Set configuration settings:

Proposal 10: 
	DL PRS Resource Set is described at least by the following parameters
Cell ID
DL PRS Resource Set ID
Slot offset for DL PRS Resource Set
List of DL PRS Resource IDs
Number of DL PRS Resource Set Repetitions
Spatial Filter Indicator (Repetition On/Off)
Muting Pattern(s)

Common Settings across DL PRS Resource Sets
In general, many of parameters describing DL PRS Resource or DL PRS Resource Set can be defined even above the DL PRS Resource Set level (e.g. DL PRS Measurement Object) and are likely to have common values across DL PRS Resource Sets in many practical configurations. The list of candidate parameters that are likely to have common settings even across DL PRS Resource Sets is given below:
DL PRS Resource Bandwidth
DL PRS Resource Start PRB
Numerology of DL PRS (Subcarrier Spacing and Cyclic Prefix)
Comb-N Size of DL PRS Resource
Number of symbols per DL PRS Resource
Periodicity of DL PRS Resource Allocation
Number of DL PRS Resource Set Repetitions
Although above parameters may often have common values even across DL PRS Resource Sets, for some of them it is worthwhile to keep them at the DL PRS Resource Set level to keep high flexibility of the NR system.

On Amount of DL PRS Resources and DL PRS Resource Sets
On amount of DL PRS Resource Sets per TRP
RAN1 agreed that multiple DL PRS Resource Sets can be configured per TRP. In our view, in order to support various use cases/scenarios up to 4 DL PRS Resource Sets can be configured per TRP. This may cover scenarios with narrow and wideband transmissions as well as scenarios with and without TX beam sweeping within DL PRS Resource Sets. However from specification perspective it is also important how many sets can be configured to UE. From UE perspective, two DL PRS Resource Sets seems sufficient to cover major use cases.

Proposal 11: 
Configuration of up to 4 DL PRS Resource Sets per TRP is supported on a 
UE can be configured with up to 2 DL PRS Resource Sets associated with single TRP and measurement object (frequency layer)

On amount of DL PRS Resources per DL PRS Resource Set
Maximum number of DL PRS Resources per DL PRS Resource Set should be dependent on frequency range.
Proposal 12: 
	Maximum number of DL PRS Resources per DL PRS Resource Set is limited by Lmax
Lmax = 8 for FR1
Lmax = 64 for FR2
Number of DL PRS Resources per DL PRS Resource Set is configurable from the following sets
L = 1, 2, 4, Lmax = 8 for FR1
L = 1, 2, 4, 8, 16, 32, Lmax = 64 for FR2

Maximum amount of DL PRS Resources processed by UE
In our view, this is an aspect of UE capability discussion. Therefore it can be discussed separately. Our initial views on this aspect are provided in our companion contribution [6].
DL PRS Coexistence w/ DL Transmissions
In Rel.15, mechanisms of forward compatibility were developed, e.g. RateMatchPattern for PDSCH, etc. This mechanism indicates resources (slots and symbol and PRBs), where UE is expected to do rate-matching. By configuring proper RateMatchPattern(s) to Rel.15 UEs it is possible to avoid conflict with DL PRS transmission. Another option is to allocate DL PRS transmissions in slots that are not supposed to have DL transmission due configuration settings and gNB scheduling.


The developed in Rel.15 forward compatibility mechanisms (e.g. RateMatchPattern) can be reused to avoid conflicts with Rel16 DL PRS allocation

DL PRS Transmission Schedule
The following agreements were made with respect to DL PRS transmission schedule and muting support.
	DL PRS configuration including DL PRS transmission schedule is to be indicated to the UE for DL PRS positioning measurements
· The UE is not expected to perform any blind detection of DL PRS configurations
DL PRS muting is supported. The UE is expected to be indicated when the DL PRS is muted.


In this section, we provide more details on transmission schedule and muting principles for NR positioning. For NR positioning system, it is beneficial to support two modes for DL PRS transmission:
Predefined DL PRS Transmission Mode
· In this mode, it is assumed that TRPs (identified by PRS IDs) are intelligently mapped to allocated orthogonal PRS resources for PRS transmission. The DL PRS transmission schedule is automatically determined by UE for each DL PRS occasion once PRS resources are configured. This mode of operation enables optimal planning of the deployment and PRS transmissions in dedicated positioning areas.
Randomized (or pseudo-randomized) DL PRS Transmission Mode
· Randomized DL PRS transmission mode can be used in deployment scenarios not optimized for positioning, i.e. without special considerations on deployment planning to maximize positioning performance. In this mode PRS ID mapping to PRS resources may be suboptimal.
Evaluation results of two scheduling approaches are illustrated in the Figure 8, where Predefined and Randomized transmission modes are compared, evaluation assumptions can be found in Annex-B.
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[bookmark: _Ref16518902]Figure 12: Comparison of predefined and randomized scheduling modes for DL positioning

In the subsequent sections, we assume that DL PRS occasion is a grid of dedicated orthogonal PRS resources and that either DL PRS Resource or Resource Set is allocated to one or more orthogonal resources within this grid.


Figure 13: DL PRS Occasion and Resource Grid

Predefined DL PRS Transmission Schedule (Mode)
The predefined mode schedules PRS transmissions from all stations across configured orthogonal PRS resources (i.e. maps unique PRS IDs / station IDs) in each DL PRS occasion. In order to optimize performance, all transmitting stations () should be equally distributed across  allocated orthogonal resources (e.g.  orthogonal time frequency resources – that can be either DL PRS Resources or DL PRS Resource Sets). In general, this problem is similar to finding  combinations out of  length sequence (i.e. combinations of  stations out of NPRS-ID stations). In order to optimize positioning performance, we need to ensure that 1) each station has one transmission opportunity in N allocated resources and 2) at the subsequent transmission window opportunity (e.g. DL PRS occasion), the new unique combinations of stations occupies allocated orthogonal resources.
If number of orthogonal resources is a prime number P, then at least P2 combinations (each of  stations/IDs) with no more than one intersecting element if  and nor more than  intersecting elements if  can be analytically found. In fact, if  it is possible to form P groups, each composed of P combinations, where combinations in each group do not have intersecting elements (i.e. unique combinations within a group). This is an optimal framework to build PRS transmission schedule and optimize positioning performance of NR system. If () then there is a maximum of  intersecting elements among any two combinations of different groups. In order to avoid multiple intersections among combinations, each combination can be divided into  sub-combinations intersecting by nor more than one element.
The corresponding notations and analytical framework are provided in the following section.
Mapping of PRS IDs in Predefined DL PRS Transmission Schedule
Let us introduce the following notations to define mapping of PRS IDs to orthogonal resources across multiple occasions:
 – maximum number of PRS IDs supported by specification;
 – set of all PRS IDs, ;
 – is the number of orthogonal resources per occasion;
· In order to form  groups (each composed of  combinations of sequences), the  should be the largest prime number which is ;
 – number of PRS IDs per orthogonal resource;
 – is the index of PRS transmission occasion within SFN cycle period ;
 is the maximum number of PRS transmission occasions per SFN cycle;
 – is the index that identifies group of  combinations to be used on occasion ;  ;
 – is the logical index of PRS resource within transmission occasion ;
 –combination of PRS IDs mapped to -th PRS resource in occasion ;
Using these above, the mapping of PRS IDs to orthogonal resources can be generalized by the following equations:




The above equations generate  combinations of PRS IDs for  occasions, where each combination is of length . The alternative option is to use equivalent equation below that generates logical index  of PRS resource for each PRS ID from the set  and each occasion:



here,  is the logical index of DL PRS resource in each occasion.

Let’s consider a few illustrative examples with different configuration settings to show and analyze results produced by equations above.

Example # 1: PRS Transmission Schedule ( is prime, , )
Let’s consider the following example



In this case, number of orthogonal resources is equal to the number of stations transmitting on each resource, i.e. . Applying equations above, we can determine PRS IDs transmitting on each resource in three consecutive occasions (see also Figure 10):
Occasion 0 (w = 0),
· IPRS, i = 0 = {0, 3, 6}; IPRS, i = 1 = {1, 4, 7}; IPRS, i = 2  = {2, 5, 8}
Occasion 1 (w = 1)
· IPRS, i = 0 = {0, 4, 8}, IPRS, i = 1 = {1, 5, 6}, IPRS, i = 2 = {2, 3, 7}
Occasion 2 (w = 2)
· IPRS, i = 0 = {0, 5, 7}, IPRS, i = 1 = {1, 3, 8}, IPRS, i = 2  = {2, 4, 6}


[bookmark: _Ref15902564]Figure 14: Example of PRS Transmission Schedule ( is prime, , ) 
Conclusions from example in Figure 10:
combinations of transmitting stations on orthogonal resources within each single occasion are not intersecting
any two combinations across different occasions do not intersect on more than one entry.

Example # 2: PRS Transmission Schedule ( is prime, , )
In this case, the set of PRS ID is extended. Number of allocated orthogonal resources is two times less than the number of stations transmitting on resources. Applying equations above, we can determine PRS IDs transmitting on each resource in three consecutive occasions (see also Figure 11):
Occasion 0 (w = 0)
· IPRS, i = 0 = {0, 3, 6, 9, 12, 15}; IPRS, i = 1 = {1, 4, 7, 9, 13, 17}; IPRS, i = 2  = {2, 5, 8, 11, 14, 17}
Occasion 1 (w = 1)
· IPRS, i = 0 = {0, 4, 8, 10, 13, 16}, IPRS, i = 1 = {1, 5, 6, 10, 14, 15}, IPRS, i = 2 = {2, 3, 7, 11, 12, 16}
Occasion 2 (w = 2)
· IPRS, i = 0 = {0, 5, 7, 11, 14, 17}, IPRS, i = 1 = {1, 3, 8, 11, 12, 16}, IPRS, i = 2  = {2, 4, 6, 11, 13, 15}
Based on analysis it can be observed that:
combinations of PRS IDs within a single occasion are still unique combinations (non-intersecting);
subset of combinations from different occasions have at most two intersecting entries;
number of intersecting elements may further increase if the ratio  increases.


[bookmark: _Ref15996000]Figure 15: Example of PRS Transmission Schedule ( is prime, , )
The problem of intersecting entries can be resolved if each combination is divided into two sub-combinations (e.g. sub-combination #0 is composed from the first three entries (e.g. {0, 3, 6}) and sub-combination #1 is composed from the last three entries (e.g. {9, 12, 15}). It can be verified that sub-combinations are unique across occasions. Therefore in order to avoid intersections, the sub-combinations may occupy two different sets of orthogonal resources or muting based on sub-combinations can be applied. The alternative option is to simply increase the number of allocated resources so that  becomes equal or larger than.

Example # 3: PRS Transmission Schedule ( is not prime, , )
Finally, let’s consider example when  is not a prime number and . In this case, we can generate  groups each having a unique (non-intersecting) combination of transmitting stations. The number of intersections among combinations that belong to different groups/occasions may exceed the value of  given that  is not a prime number (see Figure 12).


[bookmark: _Ref16011293]Figure 16: PRS Transmission Schedule ( is not prime, , )
Similar to Ex 2 in order to cope with intergroup intersections either muting can be applied or amount of resources can be increased. 
Finally, we propose to use the described above equations in order to map PRS IDs (or station IDs) to orthogonal resources. 
Depending on amount of allocated resources  and length of PRS ID set , different scenarios are possible.
· Number of PRS IDs is not multiple of the amount of configured orthogonal PRS resources
· In this case, we can extend the set of PRS IDs so that it size is multiple of the allocated orthogonal PRS resources and then apply described equations. The extra PRS IDs can be simply ignored in mapping process.
· Number of allocated resources is not a prime number
· RAN1 agreed that Comb-size can take one of the following values: 2, 4, 6. Among agreed numbers, only number 2 is a prime number. In order to support operation with prime numbers, the number of PRS repetitions or consecutive PRS occasions can be configured to be a prime number (e.g. 2, 3, 5, 7, 11, 13, 17, 19, 23, 29, 31, etc). In this scenario, amount of frequency resources can be used to split the whole set of PRS IDs on orthogonal subsets transmitting on orthogonal frequency resources (e.g. different frequency shifts). The subsets of PRS IDs can be further divided into combinations to be transmitted across prime number of repetitions or occasions.

Proposal 13:  
Orthogonal physical resources associated with DL PRS Resource/DL PRS Resource Set change across multiple DL PRS occasions
Unique combinations of DL PRS Resource Sets (TRPs) are transmitted on orthogonal resources across predefined number of DL PRS occasions

[bookmark: _Ref16163241]Randomized DL PRS Transmission Schedule (Mode)
Randomized DL PRS transmission mode can be useful in deployment scenarios not optimized for positioning, i.e. without special considerations given to deployment planning to maximize positioning performance. In this mode, the resource used for PRS transmission by a given PRS ID is an output of the pseudo-random generator. This mode of operation does not ensure nice properties that can be provided by the predefined transmission mode such as 1) uniform loading across orthogonal PRS resources and 2) transmission of unique sets of TRPs across different PRS occasions and thus may require more spectrum resources to achieve similar performance. On the other hand this mode may require less specification efforts while providing sufficient performance in many scenarios.
The simple way to implement randomized DL PRS transmission mode is to use uniform pseudo random generator with predefined initialization procedure to generate resource index to be used by given PRS ID in a given occasion.
The pseudo random selection procedure of DL PRS transmission resource can be based on the following formula, where notations defined to describe predefined transmission schedule are reused:



In above equations, values of  are obtained from the pseudo random generator. For instance, the following generator used to generate LTE search space, can be used here to derive :


where,  and  are predefined numbers ().


Proposal 14: 
NR supports DL PRS transmission schedule based on pseudo random generator (e.g. with uniform distribution) that provides resource index for each DL PRS transmission (PRS ID) in each DL PRS occasion

Hopping of DL PRS Transmissions of DL PRS Resource Set
DL PRS Resource Set defines multiple DL PRS Resources representing spatial beams of a TRP. When TX beam sweeping is supported it is also desirable to randomize spatial interference from different TRPs across multiple PRS occasions or across DL PRS Resource Set repetitions.



Figure 17: Beam hopping across repetitions of DL PRS Resource Set
Assume, that initial association of DL TX spatial filters to DL PRS Resources of DL PRS Resource Set is defined by permutation set - . Different DL TX spatial filters (Beam IDs) can be assigned to a PRS Resource in the subsequent occasions or resource set repetitions. Therefore, the new permuted set of Beam IDs can be a function of occasion ID, number of resources /beams per DL Resource Set and initial assignment of beams per resources (occasion w = 0).
Let’s assume that  – number of spatial filters applied for DL PRS transmission within resource set. In order to determine a set of beam IDs for  PRS occasions, following deterministic or randomized procedures can be applied:
Deterministic procedure (cyclic shift)
, where
 – set of beam IDs for occasion ();
 – TRP specific beamforming index permutation parameter;
Pseudo random procedure

, where
 – beam Id set for  occasion;
 – vector of randomly permuted indexes for occasion  for PRS ID =  (values: from 0 to -1);

Proposal 15:  
Support beam permutation for transmission on DL PRS Resources of DL PRS Resource Set

DL PRS Muting 
This section describes DL PRS muting and its relationship w/ DL PRS transmission schedule. Muting mechanism is beneficial to control density of DL PRS transmissions on DL PRS Resources and DL PRS spatial reuse in the system.
Bitmap Muting Pattern
For muting, we assume that bitmap pattern (similar to LTE Positioning) is configured where each bit is associated with certain time instance (occasion or repetition). The one-to-one correspondence between DL PRS Resource/Resource Set and its muting on DL PRS occasion or DL PRS Resource Set repetition is assumed.
Resource Level Muting
A muting pattern can be applied on a DL PRS Resource level, where the muting rule is capable to activate or deactivate subset of DL PRS Resources inside of DL PRS Resource Set. Figure 14 and Figure 15 illustrate two examples of DL PRS Resource based muting. The first example assumes that bitmap pattern is defined per DL PRS resource and periodically applied across occasions. The second example assumes that bitmap pattern is configured per DL PRS Resource Set and the rule is defined to derive the pattern from one occasion to another occasion.

 
[bookmark: _Ref7172097]Figure 18: Resource muting using bitmap muting pattern per DL PRS Resource



[bookmark: _Ref16077614]Figure 19: Resource muting using bitmap muting pattern per DL PRS Resource Set
Although the muting can be applied at the DL PRS Resource level (beam level), we do not see much motivation to support resource level muting. It complicates angle based positioning measurements and its performance benefits are questionable due to spatially directive transmissions, especially if beam permutation is applied across PRS occasions. Therefore, we believe that muting defined at DL PRS Resource Set level is sufficient for NR positioning.
Resource Set Level Muting
Muting mechanism can be applied on a DL PRS Resource Set level as it is illustrated in Figure 16. Each DL PRS Resource Set is configured with bitmap pattern that controls transmission of TRP (or given DL PRS Resource Set) on each DL PRS occasion or repetition.


[bookmark: _Ref7172588]Figure 20: DL PRS Resource Set Muting
If muting is applied per DL PRS Resource Set then muting pattern configuration should be a part of DL PRS Resource Pool configuration.

Proposal 16: 
NR supports DL PRS muting at the DL PRS Resource Set (i.e. TRP) level
DL PRS Resource Set is configured with bitmap pattern that indicates muting of DL PRS Resource Set across DL PRS occasions and DL PRS Resource Set repetitions

Predefined DL PRS Muting
As it was discussed in Section 3, the muting can be considered as the transmission schedule. If N orthogonal resources are allocated for transmission by NPRS stations, and there is a high loading per resource (NPRS/N) then muting can reduce number of stations transmitting on the same resource by switching off transmissions for half (or subset) of stations. However, muted stations should have opportunity for transmission at the next occasion while another half (or subset) of stations will be switched off. This problem formulation is equivalent to the design of transmission schedule with doubled amount of resources (i.e. 2N orthogonal resources). Solution for optimized transmission schedule across occasions was proposed in Section 3.
The muting may be applied on top of the transmission schedule and further optimize it. For instance, it can be used to reduce number or avoid intersecting elements among combinations of stations transmitting on different occasions or any other purpose. Let’s again consider example 2 and mute PRS IDs to avoid intersections in combinations occupying the same resource across different occasions (see Figure 17).


[bookmark: _Ref16770307]Figure 21: Example 2 w/ PRS muting applied on top of PRS transmission schedule
In order to support predefined muting either equation can be defined to determine whether given PRS ID is muted on a given occasion or bitmap muting pattern can be pre-configured. The preconfigured bitmap is more general approach.

Randomized DL PRS Muting
Similar to randomized DL PRS transmission schedule (resource allocation), the PRS muting can be also randomized across DL PRS occasions. As an example, the following mechanisms for muting pattern randomization can be used:
 – maximum number of PRS IDs supported by specification;
 – set of all PRS IDs, ;
 – is the index of transmission occasion ;
 – muting periodicity
 – number of transmission per muting period 

The node with PRS-ID  will mute the PRS Resource Set in occasion, if parameter’s value  exceeds the value of K.

, 

Proposal 17:  
NR supports randomized DL PRS Resource Set muting across sets of PRS occasions

DL PRS Design
In this section we continue discussion on remaining details of DL PRS design. 
Number of DL PRS Sequences
As it was agreed at the previous meeting the amount of DL PRS sequences is at least 4096. In our view, the 4096 sequences is sufficient number for NR Positioning purposes.

Proposal 18: 
Keep 4096 as a number of sequences for NR Positioning

DL PRS Sequence Initialization
RAN1 agreed to reuse the pseudo-random sequence generator from Section 5.2.1 in [2]. Discussion on initialization of generator for DL PRS Resource sequence generation requires more progress on DL PRS Resource allocation. For instance, it may be dependent on support of TX/RX sweep and how it is implemented across Resource Sets or across Resources within Set, etc. For RX Sweeping with unknown timing it may be desirable to generate repeated signal in order to enable sweep with reduced complexity at UE RX side.
In general the following equation may be considered as a starting point for discussion in cases where no RX sweeping is assumed:

where  equals  (Resource or Resource Set ID), TRP specific parameter for positioning configuration,  – slot number within a frame,  – symbol index inside of the slot.
In case of DL PRS transmission with different or similar spatial filters in different PRS Resources inside one PRS Resource Set, the initialization seed for each PRS resource can be same as the initialization seed for the first PRS Resource, as it is depicted in Figure 18.



[bookmark: _Ref16440596]Figure 22: Initialization seed assignment for resources with different spatial filters

Proposal 19: 
Apply the same cinit values for DL PRS Resources with different or same DL TX spatial filter within DL PRS Resource Set 
For cinit initialization, apply equation provided in this section

DL PRS Multiplexing with DL Transmissions
TDM
TDM transmission of DL PRS signals with other DL signals/channels is preferred in both FR1 and FR2. This will help to avoid dynamic range and in-channel selectivity issues at the UE side leading to more predictable performance and accurate measurements. RAN1 has already agreed on allocation of dedicated resources for DL PRS transmission. It should be clarified further the DL PRS transmissions are TDM with other DL signals/channels.
FDM
FDM transmission of DL PRS with other DL signals/channels is not preferred in both FR1 and FR2, and should be precluded at least for FR2. The FDM of DL-PRS with other signals may negatively affect the UE dynamic range and lead to unpredictable results, considering wideband beam management.

Proposal 20: 
DL PRS transmissions are multiplexed in time with other DL reference signals / channels.

Conclusion
In this contribution, we have provided our views on DL reference signal design for NR positioning. In summary, we have following proposals:

Proposal 1: 
· All DL PRS Resources of any DL PRS Resource Set are allocated inside one instance of DL PRS occasion
· DL PRS Resource Set is configured to be one of the following types:
· Type 1 - DL PRS Resources of DL PRS Resource Set apply the same DL TX spatial filter
· Type 2 - DL PRS Resources of DL PRS Resource Set apply different DL TX spatial filters
· Type 1 and Type 2 DL PRS Resource Sets are multiplexed in time
Proposal 2: 
For DL PRS, adopt resource element patterns derived by Eq.1 using parameters defined in Table 2
Proposal 3: 
Starting slot and symbol of DL PRS Resource is defined relative to time offset of DL PRS Resource Set, which is determined with respect to SFN0 of serving cell
	Starting symbol offset: 0 – 12 symbols
Starting slot offset: 0 – (Periodicity-1) slots, where “Periodicity” is configurable parameter
Proposal 4: 
SCS and CP type of DL PRS are defined above DL PRS Resource Set level 
e.g. corresponding DL PRS measurement object that collects resources with common parameters in terms of SCS, CP type, Point A and PRS BW
Common SCS and CP type settings are used across all DL PRS Resources within DL PRS measurement object
Proposal 5: 
Point A for DL PRS, DL PRS BW and start PRB are defined per DL PRS measurement object
PRB-level granularity is used for indication of start PRB and DL PRS BW
Proposal 6: 
Support configuration of 12 symbols per DL PRS Resource
Proposal 7: 
· Support configuration of Comb-12 per DL PRS Resource if 12 symbols are agreed
Proposal 8: 
Support the following periodicity settings of DL PRS resource allocation depending on SCS
15kHz SCS: {4, 5, 8, 10, 16, 20, 32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240} slots
30kHz SCS: {8, 10, 16, 20, 32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240, 20480} slots
60kHz SCS: {16, 20, 32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240, 20480, 40960} slots
120kHz SCS: {32, 40, 64, 80, 160, 320, 640, 1280, 2560, 5120, 10240, 20480, 40960, 81920} slots
Proposal 9: 
The following DL PRS Resource parameters are defined at DL PRS Resource level:
DL PRS Resource ID
DL PRS Sequence ID
Starting slot and symbol of DL PRS Resource
Starting slot is defined with respect to start slot of DL PRS Resource Set
Starting symbol is defined with respect to start slot of DL PRS Resource
DL PRS QCL Info
The following parameters describing DL PRS Resource are defined at DL PRS Resource Set level or above:
Resource Element Offset in Frequency Domain
Comb-N Size of DL PRS Resource
Number of symbols per DL PRS Resource
Proposal 10: 
	DL PRS Resource Set is described at least by the following parameters
Cell ID
DL PRS Resource Set ID
Slot offset for DL PRS Resource Set
List of DL PRS Resource IDs
Number of DL PRS Resource Set Repetitions
Spatial Filter Indicator (Repetition On/Off)
Muting Pattern(s)
Proposal 11: 
Configuration of up to 4 DL PRS Resource Sets per TRP is supported on a 
UE can be configured with up to 2 DL PRS Resource Sets associated with single TRP and measurement object (frequency layer)
Proposal 12: 
	Maximum number of DL PRS Resources per DL PRS Resource Set is limited by Lmax
Lmax = 8 for FR1
Lmax = 64 for FR2
Number of DL PRS Resources per DL PRS Resource Set is configurable from the following sets
L = 1, 2, 4, Lmax = 8 for FR1
L = 1, 2, 4, 8, 16, 32, Lmax = 64 for FR2
Proposal 13: 
Orthogonal physical resources associated with DL PRS Resource/DL PRS Resource Set change across multiple DL PRS occasions
Unique combinations of DL PRS Resource Sets (TRPs) are transmitted on orthogonal resources across predefined number of DL PRS occasions
Proposal 14: 
NR supports DL PRS transmission schedule based on pseudo random generator (e.g. with uniform distribution) that provides resource index for each DL PRS transmission (PRS ID) in each DL PRS occasion
Proposal 15: 
Support beam permutation for transmission on DL PRS Resources of DL PRS Resource Set
Proposal 16: 
NR supports DL PRS muting at the DL PRS Resource Set (i.e. TRP) level
DL PRS Resource Set is configured with bitmap pattern that indicates muting of DL PRS Resource Set across DL PRS occasions and DL PRS Resource Set repetitions
Proposal 17: 
NR supports randomized DL PRS Resource Set muting across sets of PRS occasions
Proposal 18: 
Keep 4096 as a number of sequences for NR Positioning
Proposal 19: 
Apply the same cinit values for DL PRS Resources with different or same DL TX spatial filter within DL PRS Resource Set 
For cinit initialization, apply equation provided in this section
Proposal 20: 
DL PRS transmissions are multiplexed in time with other DL reference signals / channels.
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Annex A – Summary of Agreements on DL PRS
In this section, we provide summary of agreements made by RAN1 with respect to DL PRS design at the previous meetings.
RAN1#96bis Agreements
	A DL PRS Resource Set is defined as a set of DL PRS Resources, where each DL PRS Resource has a DL PRS Resource ID
· The DL PRS Resources in a DL PRS Resource set are associated with the same TRP
A DL PRS Resource ID in a DL PRS Resource set is associated with a single beam transmitted from a single TRP (A TRP may transmit one or more beams)
Note: This does not have any implications on whether the TRPs and beams from which signals are transmitted are known to the UE. 

DL PRS sequence is generated using a Gold sequence generator as defined in TS 38.211 Section 5.2.1
· FFS: cinit value for DL PRS
QPSK modulation is used for the DL PRS signal transmitted using CP-OFDM
FFS: Whether a DL PRS sequence generated using a different mechanism is also specified

Comb-N resource element pattern per DL PRS Resource is supported to map DL PRS sequence to resource elements in frequency domain
· Comb-N pattern can shift in frequency domain across symbols within DL PRS Resource
· FFS values for N. The potential values for down-selection are provided in the set {1,2,3,4,6,8,12}
· FFS relationship between N and number of symbols per DL PRS Resource 
· FFS support of staggered and non-staggered patterns and exact definition of staggered pattern

Number of DL PRS Sequence IDs is at least 4096

Support of numerologies (CP length and sub-carrier spacing) for the DL PRS is the same as for data transmissions in Rel-15.

DL PRS configuration including DL PRS transmission schedule is to be indicated to the UE for DL PRS positioning measurements
· The UE is not expected to perform any blind detection of DL PRS configurations

DL PRS muting is supported. The UE is expected to be indicated when the DL PRS is muted.



RAN1#97 Agreements
	· DL PRS Resource is described by at least the following parameters
· DL PRS Resource ID (previously agreed)
· Sequence ID (previously agreed)
· Comb Size-N
· RE Offset in frequency domain
· FFS whether this offset is a single value or multiple values
· Starting slot and symbol of DL PRS Resource
· FFS whether it can be represented by time offset with respect to some reference
· Number of symbols per DL PRS Resource (Duration of DL PRS Resource)
· Quasi-colocation information (QCL with other DL reference signals)
· FFS QCL type and source reference signals
· FFS: Number of Tx Ports
· FFS: Power offset b/w DL PRS and SSB
· FFS: Transmission bandwidth and starting PRB with respect to Point A
· FFS: Numerology
· Note: RAN1 to discuss further whether some of the above parameters belong to Resource Set configuration and are applied to all Resources within a Resource Set or not.

· Number of symbols for DL PRS Resource is configurable from the following set {2, 4, 6}
· FFS: Inclusion of other values in the set including values in {1, 3, 8, 12}
· DL PRS Resource comb-N value is configurable from the set {2, 4, 6}
· FFS: Inclusion of other values in the set including values in {1, 8, 12}
· Note: The dependence between the number of symbols and the comb size should be considered when considering the inclusion of additional values in the sets for these parameters

· RAN1 to select one of the following alternatives for periodic DL PRS Resource Allocation at RAN1#98:
· Alt.1 - Periodicity of DL PRS Resource is configured at DL PRS Resource Set level
· Common period is used for DL PRS resources within a DL PRS Resource Set
· Alt.2 - Periodicity of DL PRS Resource is configured at DL PRS Resource level
· Different periods can be used for DL PRS resources within a DL PRS Resource Set

DL PRS occasion is one instance of periodically repeated time windows (consecutive slot(s)) where DL PRS is expected to be transmitted
· FFS: If this definition is introduced for muting or DL PRS resource allocation or both





RAN1#98 Agreements
	The following parameters describing a DL PRS Resource are defined:
· Bandwidth of DL PRS Resource 
· FFS granularity of bandwidth configuration which is to be down-selected at the next meeting among the following options:
· Option 1. One PRB
· Option 2. Four PRBs
· Option 3. RBG granularity
· Option 4. One of values configurable from the set 24, 48, 96 192, 264 PRBs
· Option 5: Option 2, 3 or 4 combined with a possibility to blank PRBs at the band edges
· Option 6: Option 2, 3 or 4 combined with the maximum PRBs per carrier bandwidth
· Start PRB of DL PRS Resource is defined relative to Point A
· A single Point A for DL PRS resource allocation is provided per frequency layer
· UE can be configured with one or multiple frequency layers
· FFS amount of frequency layers for NR Positioning supported by UE, which is up to UE capability
· All DL PRS Resources belonging to the same DL PRS Resource Set have common Point A
· FFS whether additional constraints such as start PRB and center frequency of the bandwidth for the PRS resources are the same within a frequency layer. Resolve FFS at the next meeting.

Periodicity of DL PRS allocation is configured per DL PRS Resource Set
· i.e. all DL PRS Resources of a given set have the same periodicity
Multiple DL PRS Resource Sets can be configured per TRP
· FFS how many DL PRS Resources Sets can be configured per TRP
The following periodicity values for periodicity of DL PRS allocation are supported
· P = {4, 8, 16, 32, 64, 5, 10, 20, 40, 80, 160, 320, 640, 1280, 2560, 5120, 10240, 20480} slots
· 20480 is not supported for an SCS of 15 kHz
· FFS: Further restrictions on values applicable to different SCS

A single SCS and CP type are configured for  
· Alt. 1: A DL PRS resource set
· Alt. 2: A frequency layer

  is a function of PRS sequence ID, slot index and symbol index
· FFS: Other parameters and initialization details until RAN1#98bis 

The RE pattern of a DL PRS is configured with an RE Offset in frequency domain for the first symbol in an DL PRS resource
The relative RE offsets of following symbols are defined relative to the RE Offset in frequency domain of the first symbol in the DL PRS resource
A relative RE offset of each of the following symbols is derived from the configured number of symbols for an DL PRS resource, the comb size for the DL PRS resource and the DL PRS symbol index within the DL PRS resource




Annex-B: Evaluation Assumptions
Table 5. Table of system level evaluation assumptions.
	

	Parameter
	Value

	Deployment scenario, Bandwidth
	UMa, FR1, 5/100 MHz

	Muting assumption
	No muting

	Number of PRS occasions
	2

	Number of orthogonal PRS resources per occasion
	6

	Number of used symbols for DL PRS
	1

	Number of PRS occasions for UE coordinate calculation
	2

	Measurement selection criteria  between UE and each TRP
	Best SINR

	Frequency mapping pattern
	Comb-1
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