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1 Introduction
In the last meeting (RAN1#98), the following agreements were made with regards to the DL reference signals for positioning: 

	Agreement:
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.

Agreement:
· 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

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

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

Agreement:
· The RE pattern of a DL PRS resource 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 this paper, we present our views on the remaining issues on DL Reference Signals for positioning purposes in NR Rel-16 with a prioritization on the following topics which have high-layer signaling impact:
1. Definition of “Frequency Layer” for PRS resources
2. Comb-type
3. Periodicity
4. PRS resource length
5. Occasion length
6. Transmission Bandwidth
7. Power offset
8. PRS Muting
9. Time-domain Behavior
10. BM configurations for PRS resource set
11. Interaction between DRX & PRS resources
12. Existing Reference Signal Reuse
2 Definition of “Frequency Layer” for PRS resources
A precendent that is highly related to the concept of frequency layer which also needs to be clarified in NR positioning is the frequency layer definition of CSI-RS for RRM:
	Agreement:
· From RAN1 perspective, frequency layer for CSI-RS mobility resources is measurement object (MO)
· All CSI-RS resources in a MO shall have the same SCS.
· From RAN1 perspective, CSI-RS resources in the same MO have the same center frequency of the CSI-RS resources.
· i.e. startPRB + floor(nrofPRBs/2) of each CSI-RS-CellMobility have the same value
· In the LS, also add “RAN1 also discussed other alternatives, which also had comparable number of supporting companies compared with the above:
· Alt 1: CSI-RS resources in the same MO have the same startPRB.
· Alt 2: All CSI-RS resources in a MO should be confined within maximum of 264 PRBs for a given SCS.
· i.e. maximum of (startPRB + nrofPRBs) – minimum of ( startPRB ) is smaller or equal to 264.”



We also observe that in 38.331, that a measurent object (or in other words, a frequency layer) has the same point-A: refFreqCS-RS.

[image: ]

For NR Positioning, we don’t see the need to have a different bandwidth across the PRS resources of one frequency layer. The reason is that if the bandwidth of any PRS resource is smaller than that of the remaining resources inside a frequency layer, then it will be a bottleneck of the whole positioning procedure. Therefore, we make the following proposal”
Proposal 1: A frequency layer is a collection of PRS resource sets across one or more TRPs which have
· the same SCS and CP type, 
· the same center frequency of their configured BW,
· i.e. startPRB + floor(nrofPRBs/2) of each PRS resource have the same value
· the same configured BW
· the same point-A (already agreed)

Proposal 2: The following aspects related to the frequency layer concept are UE capabilities:
· max number of frequency layers
· max number of PRS resources per frequency layer
· max number of PRS resources across all frequency layers per a time-unit
· FFS: time-unit value definition (e.g., 160 msec)
3 Comb-type 
In a previous meeting the following agreement was achieved with regards to the time/frequency domain mapping of the PRS:
	
Agreement:
· 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



Based on this agreement, a uniform pattern in the frequency domain (comb-type pattern) is supported for DL PRS with at least comb valus of 2, 4, and 6. It is FFS whether a new comb type would be introduced in addition to the three already supported. In the Appendix we analyze aspects related to introducing a higher comb-type with an observation shown below:
Observation 1: High comb-type has the following drawbacks:
· With coherent combination across symbols, comb-N signals would be impacted more by Doppler spread.  
· Longer sweep durations would also increase the magnitude of errors from UE motion and clock drift.
· Increased sweep durations would lead to increased duty factor and overhead. Alternatively, for a fixed duty factor, the signal periodicity would increase, and this would in turn lengthen the time to first fix (TTFF) and time to fix (TTF).
· Co-existence with other signals (e.g. PDCCH) could also be problematic because the number of symbols required to fill all sub-carriers would be significant. 
· In FR2, less impact from phase noise when the PRS is contained within one OFDM symbol.
Proposal 3:	DL PRS should always occupy all subcarriers of the configured bandwidth with a staggered comb-N pattern spanning at least N OFDM symbols with N = 1 to be supported also in addition to N={2,4,6}.
4 [bookmark: _Ref534377022][bookmark: _Ref1129439]Periodicity 
The following agreement was achieved previous meeting regarding the periodicity configuration and the relation to PRS resource set. 
	Agreement:
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



Proposal 4: With regards to the number of max number of PRS resources consider the following parameters:
· Max number of PRS resources per TRP: [1,2,4,8,32,64]
· Part of UE capability discussion
· Max number of PRS resources per PRS resource set: 64
Having low periodicity of PRS resources would only be related to very specific deployment scenarios and would increase the complexity at the UE side. In LTE, such cases were introduced in later releases to support specific features, like TBS. We propose to have a separate capability for such cases, e.g., for any PRS periodicity less than 160 msec.
Proposal 5: Introduce a separate UE capability for the low periodicity PRS resources (e.g. those that correspond to less than 160 msec). 

5 PRS resource length
	Agreement:
· 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}



Coherent averaging across symbols inside a PRS resource is an important way of increasing the coverage of the DL PRS. Another way is to have a relatively large occasion length of consecutive slots where the same PRS resource is transmitted. However, keeping coherency across symbols may not be an easy task for both the gNB and the UE, especially when a Tx/Rx switch is involved. Therefore, having the option of a longer PRS resource within a slot (e.g. a 12-symbol PRS resource) as it exists for SRS for positioning would be preferrable. 
Proposal 6: Introduce the option of a 12-symbol PRS resource in a slot without introducing higher comb type than 6. 
6 Occasion length
The following agreements were achieved regarding the time-domain configuration of a DL PRS resource.

	
Agreement:
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
…



[bookmark: _Hlk16843030]In the first releases of LTE, PRS bandwidth can be configured 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. 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 in LTE. 

Table 1 LTE PRS overhead (%)
	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



In the later releases, additional values for the Occasion length have been added:
· add-numDL-Frames: This field specifies the number of consecutive downlink subframes NPRS with positioning reference signals. Integer values define 1, 2, 3, …, 160 consecutive downlink subframes.

Similar scenarios are also needed for NR, and having an occasion length of at least the same values as in LTE would be recommended, while considering the fact that the counting should be in slot duration and not subframe duration. 

[bookmark: _Hlk21083187]Proposal 7: DL PRS occasion is defined as the number of NPRS consecutive slots that a PRS resource is transmitted  after the configured slot offset DL-PRS-ResourceSlotOffset, i.e. the PRS resource is transmitted on the slots 
[DL-PRS-ResourceSlotOffset, … DL-PRS-ResourceSlotOffset+N-1], on the same symbols of each slot. 
· Support at least NPRS = , where  is the numerology of the frequency layer of the PRS resource. 
· Introduce a separate UE capability for any value that is larger than NPRS =  .

Assuming that an occasion length is added which enables repeating a PRS resource in consecutive slots, introducing an additional field which repeat PRS resource sets would not be needed. Therefore, with regards to the DL-PRS-ResourceSetRepetition higher layer parameter, such parameter is not needed to be introduced. 

	FFS in RAN1 
DL-PRS-ResourceSetRepetition
	FFS in RAN1 whether and how it is defined if introduced. Motivation is to indicate number of consecutive repetition of DL PRS Resource Set resources


7 Transmission Bandwidth
	Agreement:
DL PRS Resource is described by at least the following parameters
· …
· FFS: Transmission bandwidth and starting PRB with respect to Point A
· FFS: Numerology



In NR Rel-15 and for a CSI-RS resource not used for L3 mobility, the following parameters have been introduced with regards to the BW configuration: 
	CSI-FrequencyOccupation field descriptions


	nrofRBs 
Number of PRBs across which this CSI resource spans. Only multiples of 4 are allowed. The smallest configurable number is the minimum of 24 and the width of the associated BWP. If the configured value is larger than the width of the corresponding BWP, the UE shall assume that the actual CSI-RS bandwidth is equal to the width of the BWP. 

	startingRB 
PRB where this CSI resource starts in relation to common resource block #0 (CRB#0) on the common resource block grid. Only multiples of 4 are allowed (0, 4, ...) 



For the case of an CSI-RS resource used for L3 mobility, similar parameters were added with the following values: 

	csi-rs-MeasurementBW                SEQUENCE {
        nrofPRBs                            ENUMERATED { size24, size48, size96, size192, size264},
        startPRB                            INTEGER(0..2169)
    },



We observe that for both cases, the CSI-RS BW is defined with respect to the reference point A. A similar solution should be used for DL PRS BW configuration, therefore we make the following proposal:

[bookmark: _Hlk16843045]Proposal 8: With respect to the transmission BW of a PRS resource, 
· Minimum BW of 24 PRBs
· Maximum BW of 272 PRBs
· the starting RB is defined in relation to a signalied point-A of the frequency layer that the PRS resource belongs to values ranging from 0 to 2172).  
8 Tx Power of DL PRS resource & SSB
	Agreement:
DL PRS Resource is described by at least the following parameters
…
· FFS: Power offset b/w DL PRS and SSB
            …



Different signals may have different Energy Per Resource Element (EPRE), and it would be beneficial for the UE to be provided an offset to assume for the reference signal processing, e.g., offset for Automatic Gain Control (AGC) purposes in cases where a DL-PRS resource is Quasi Co-Located (QCL) with a different signal, like SSB. Similar aspects have been considered for a variety of signals in NR including: 
· CSI-RS resource and SSB ratio: 
· 3GPP TS 38.214 Section 4.1: “The downlink CSI-RS EPRE can be derived from the SS/PBCH block downlink transmit power given by the parameter SS-PBCH-BlockPower and CSI-RS power offset given by the parameter powerControlOffsetSS provided by higher layers.”
· PDSCH DMRS and TRS: 
· 3GPP TS 38.214 Section 5.1.6.1.1: “same powerControlOffset and powerControlOffsetSS given by NZP-CSI-RS-Resource value across all resources”
· PDSCH EPRE to NZp CSI-RS EPRE for derived CSI feedbacL
· 3GPP TS 38.214 Section 5.2.2.3.1: “powerControlOffset: which is the assumed ratio of PDSCH EPRE to NZP CSI-RS EPRE when UE derives CSI feedback and takes values in the range of [-8, 15] dB with 1 dB step size.”
· PDCCH DMRS and SSS: 
· TR 38.213 Section 4.1: “If the UE has not been provided dedicated higher layer parameters, the UE may assume that the ratio of PDCCH DMRS EPRE to SSS EPRE is within -8 dB and 8 dB when the UE monitors PDCCHs for a DCI format 1_0 with CRC scrambled by SI-RNTI, P-RNTI, or RA-RNTI”
· PBCH DM-RS and SSS:
· TR 38.213 Section 4.1: “The UE assumes that SSS, PBCH DM-RS, and PBCH data have same EPRE.”
Note also that an EPRE offset would be needed by RAN4 for defining conformance tests; Such an EPRE offset is already defined for CSI-RS vs. SSS from the snapshot below from 3GPP 38.133 Rel. 15.6.

	A.3.17.1.1	FDD
Table A.3.17.1.1-1: CSI-RS for tracking for SCS=15kHz
	Parameter
	Unit
	Value

	Reference channel
	
	TRS.1.1 FDD

	Bandwidth
	
	BW of Active BWPNote

	SCS
	kHz
	15

	First subcarrier index in the PRB used for CSI-RS 
	
	k0=0 for CSI-RS resource 1,2,3,4

	First OFDM symbol in the PRB used for CSI-RS 
	
	l0 = 6 for CSI-RS resource 1 and 3
l0 = 10 for CSI-RS resource 2 and 4

	Number of CSI-RS ports (X)
	
	1 for CSI-RS resource 1,2,3,4

	CDM Type
	
	‘No CDM’ for CSI-RS resource 1,2,3,4

	Density (ρ)
	
	3 for CSI-RS resource 1,2,3,4

	CSI-RS periodicity
	slots
	20 for CSI-RS resource 1,2,3,4

	CSI-RS offset
	slots
	10 for CSI-RS resource 1 and 2
11 for CSI-RS resource 3 and 4

	EPRE ratio to SSS
	dB
	-3

	Note: 	BW of TRS is configured same as the BW size of UE active BWP in the RRM test cases






Furthermore, the following agreement was achieved regarding pathloss reference for power control:

	Agreement:
For the purpose of power control of the SRS for positioning purposes, support configuring a DL reference signal of a neighbouring cell to be used as DL path loss reference. One of the following can be configured as the DL reference signal.
· SSB
· DL-PRS at least for multi-cell RTT
· FFS: CSI-RS



For a UE to compute the pathloss reference, it needs to be configured with the referenceSignalPower, and then, using an estimate of the RSRP, derive the pathloss reference as: referenceSignalPower-RSRP, as shown for example in Section 7.1.1 of 38.213:

[image: ]

The referenceSignalPower is configured in RRC inside the ServingCellComon using the parameter ss-PBCH-BlockPower  taking the values INTEGER (-60..50).

	ss-PBCH-BlockPower 
Average EPRE of the resources elements that carry secondary synchronization signals in dBm that the NW used for SSB transmission. The UE uses it to estimate the RA preamble TX power. (see TS 38.213 [13], clause 7.4)



In NR Rel-15, we observe that, when a CSI-RS resource is used as a pathloss reference, the way the UE identifies the Tx Power of the CSI-RS resource is by using an additional RRC-configured offset, called powerControlOffSetSS, which provides the offset of the CSI-RS transmission power relative to the SS/PBCH block transmission power. 

	powerControlOffsetSS 
Power offset of NZP CSI-RS RE to SS RE. Value in dB (see TS 38.214 [19], clause 5.2.2.3.1) 



[bookmark: _Hlk20855919]Based on the above, for the UE to estimate the path-loss reference it needs to be configured with the ss-PBCH-BlockPower of any SSB from neighboring cell is used as path-loss reference, and similarly for any DL PRS used as path-loss reference. 
[bookmark: _Hlk21083204]Proposal 9: With respect to the PRS to SSB power ratio:
· Configure in the assistance data a DL-PRS-SSB-PowerOffset.
·  Use a range [-3, 0, 3, 6] dB similar to CSI-RS resource to SSB EPRE ratios that exist in NR Rel-15. 
9 [bookmark: _Hlk534813738][bookmark: _Hlk16843049]PRS Muting 
[bookmark: _Hlk534903216][bookmark: _Ref534727714][bookmark: _Hlk7698158]PRS muting is referred to as the “zero power” transmission of certain PRSs which is performed to ensure that a UE would be able to detect weak PRS signals from neighbour base stations. 
In LTE, the PRS muting configuration of a TRP is defined by a periodic muting sequence with a periodicity Trep, where Trep counts the number of PRS positioning occasions taking the values 2, 4, 8, 16. The PRS muting info is represented by a bit string of length 2, 4, 8 or 16 bits, while it was later introduced an option of 1024 bits also. If a bit in the PRS muting info is set to “0”, then the PRS is muted in the corresponding PRS positioning occasion. The first bit of the PRS muting sequence corresponds to the first PRS positioning occasion that starts after the beginning of the assistance data reference TRP SFN=0 . 
A similar approach to what was done in LTE could also be used in NR with the necessary adjustments. Specifically, 
· a TRP may transmit multiple PRS resource sets, each containing multiple PRS resources. 
· A PRS resource set would be a collection of beams (PRS resources) transmitted with a configured periodicity in configured offsets. Some sets would be configured with higher periodicity (narrow beams), some other sets may be configured with a smaller periodicity (wide beams). This would allow, amongst other things, to have a PRS resource set dedicated for an acquisition phase and another one for a tracking phase. 
· Since each PRS resource set is associated with a periodicity, each instance (e.g., happening every 160 msec) would span a continuous set slots, whose length could be configured in a similar way as in LTE using NPRS taking at least the values 1,2,4,6 (same as in LTE). 
· Each PRS resource of a PRS resource set would have a configured offset with respect to the SFN=0 (similar to the parameter  of LTE. 
An example of such a configuration is shown in the figure below:
[image: ]
Based on the above, we make the following proposal:

[bookmark: _Hlk15573614]Proposal 10:	A PRS resource set with  resources can be configured with up to  -bit muting pattern(s) where each bit of the sequence controls whether a corresponding occasion of an associated muting group of the  muting groups of the PRS resources of the set is muted or not.
·  is supported (i.e., all PRS resources of the set have the same muting pattern)
· FFS: other values of  
·  is supported 
· FFS: other values of 
· Note: It shall be possible to configure the same muting pattern(s) for all PRS resource sets of a gNB even if they have different periodicities.
· FFS: Further ways to reduce the configuration overhead (e.g., cyclic shifted muting patterns, permutation-based muting patterns, randomized muting patterns). 
10 Time-domain Behavior for PRS resource & Muting 
The following parameter has been added as FFS in the endorced higher-layer signaling parameter list:
	FFS in RAN1 
DL-PRS-ResourceType
	Time domain behavior of DL PRS resource configuration. The network configures DL PRS resources in the same resource set with the same time domain behavior on periodic, aperiodic and semi-persistent DL PRS.
	aperiodic, semipersistent, periodic



The following agreement related to on-demand PRS has been achieved:
	Agreement:
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
…



Based on the above agreement, we support adding a parameter related to the “on-demand” nature of a DL PRS resource. Yet, this does not necessarily refer to the DCI-based or MAC-CE based triggered resources that RAN1 is typically referring to. On-demand resources can still be configured through high-layer with a start-time, and a duration which can even be potentially one occasion (and not periodic).
[bookmark: _Hlk21083219]Proposal 11: Agree on a higher layer parameter DL-PRS-ResourceType which is used to configure an “on-demand” DL PRS resources from one TRP. A similar behaviour shall be possible for a PRS muting pattern. 
· Remaining details on how the signaling is done shall be for RAN2 & RAN3 WGs. 
11 Beam management configurations in PRS resource set 
The following parameter has been added as FFS in the endorced gigher-layer signaling parameter list: 
	FFS in RAN1
DL-PRS-ResourceSetSpatialFilter
	FFS in RAN1 whether and how it is defined if introduced. Motivation is to indicate that all DL PRS Resources within DL PRS Resource Set use the same DL spatial transmission filter



Such a field would be useful for Rx beam training in FR2 operation which would be needed for enhanced performance for all positioning methods, timing and angle-based methods. 
[bookmark: _Hlk21083225]Proposal 12: Introduce the concept of DL-PRS-ResourceSetSpatialFilter which takes the value 0 or 1, to enable indicating that all DL PRS resources with a PRS resource set use the same DL spatial transmission filter. 
12  PRS sequence Initialization 
The TOA measurements performed by a RP must be uniquely associated to its TP. In Rel-14 LTE DL PRS, this association is achieved via the PRS-ID which determines the frequency pattern of the PRS signal as well as the pseudo-random code sequence [12]. A range of 4096 PRS-IDs (corresponding to a log2(4096)=12-bit PRS-ID) is available in LTE. A sufficiently large range of signal IDs is required in dense network deployments. Historically, remote radio heads, distributed antennas and repeaters contributed to the TP ambiguity problem.  This issue gets magnified since multiple concurrent antenna beams may be formed by massive MIMO arrays. For example, with 16 concurrent beams, it is then useful to include log2(16)=4 additional bits for PRS-ID, resulting in a 16-bit PRS-ID. 
The following agreements were made regarding PRS sequence initialization and number of bits of sequence IDs.
	Agreement:
Number of DL PRS Sequence IDs is at least 4096

Agreement:
· 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



It was for further study to idenfity the cinit value for DL PRS. To do so, we start from the NR Rel-15 cinit functions of others related PHY channels, the DMRS and the CSIRS:
	PHY Channel
	Number of bits 
	formula

	PDSCH DM-RS
	16 bits
	


	PDCCH DM-RS
	16 bits
	

	CSI-RS
	10 bits
	



By observing the above formulas, we make the following observations:
· There is always a product between a symbol counter within the frame and the scrambling ID. Such an approach has been known from LTE studies to provide better cross-correlation than just adding the scrambling ID with the symbol counter. 
· There is always an affine term added as the LSBs of the cinit which depends on the configured scrambling ID. 

[bookmark: _Hlk7698165][bookmark: _Hlk21083231]Proposal 13:  Use the following  formula for scrambling initialization at the start of each OFDM symbol:

where is the slot number within a radio frame of each TRP transmitting the PRS resource,  is the OFDM symbol number within a slot and  is higher layer configured for each PRS resource with a size of 16 bits.

The above proposal is the most direct extension of the existing cinit formulas to support a 16-bit PRS scrambling-ID. It can also be verified that this formula, like the other formulas for existing channels, results in a unique cinit for each triplet (,   , ).
13 DL PRS Multiplexing with NR Signals / Channels 
The following constraints existed in LTE with regards to the interaction of positioning reference signals and other channels: 
· 

[bookmark: _Hlk15642907]From 36.211: “The positioning reference signals shall not be mapped to resource elements  allocated to the core part of the PBCH, PSS or SSS regardless of their antenna port .”
· From 36.213: “A UE may assume that positioning reference signals are not present in resource blocks in which it shall decode PDSCH according to a detected PDCCH with CRC scrambled by the SI-RNTI or P-RNTI with DCI format 1A or 1C intended for the UE.”
[bookmark: _GoBack]Wth regards to the collision of a PRS with an SSB block, in LTE, a frequency-domain hole would be occuring in the configured PRS, effectively in the PRB level domain, whenever there is collision of the configuration of a PRS with the SSB block from the serving TRP. However, such scenario was never deployed in practice, and its usefulness needs to be further justified. Such PRB level puncturing of a RS does not exist in NR Rel-15 until now. 
In NR, URLLC traffic is an important aspect of the unique features that are being optimized for  NR Rel-16. Collision of PRS (from serving or neighboring TRP) to PDSCH transmitted with very tight latency constraints is a likely event that needs to be given a special treatment.  
[bookmark: _Hlk16843092]Proposal 14: With regards to DL PRS multiplexing with other NR signals/channels:
· [bookmark: _Hlk21013086]When the UE is provided assistance data of the time/frequency occupancy of the SSBs of a TRP, for a PRS collision with an SSB from a TRP, the UE assumes that the PRS shall not be mapped on the collided symbols.
· FFS: Details on the related assistance data
· For a PRS collision with a PDSCH from a serving TRP scheduled by PDCCH scrambled with SI-RNTI, P-RNTI, RA-RNTI, the UE assumes that the PRS shall not be mapped on the colliding symbols.
· For a PRS collision with a PDSCH from a TRP intented for URLLC traffic, the UE assumes that the PRS shall not be mapped on the colliding symbols.
14 Existing Reference Signal Reuse
[bookmark: _Hlk534813452]A new reference signal for navigation and positioning would have the most flexibility and could be fully optimized for its dedicated purpose.  However, reusing existing NR physical channels and signals could simplify PRS design and implementation. Some of the requirements identified for the PRS are already fulfilled by some existing NR channels. For example:
1. Both CSI-RS and SRS have flexible allocation of contiguous bandwidth in multiples of 4 RBs starting anywhere within the system bandwidth aligned to the CRB grid to a multiple of 4 RBs. 
1. SSBs, CSI-RS, and SRS can be transmitted in narrow beams. 
1. The SSS within SSB utilizes a contiguous set of 127 tones.

[bookmark: _Hlk534813595]Some requirements not obeyed by existing physical channels could be met by extending the range of parameter configurations for these channels. For example, the comb spacing of 1-port CSI-RS is 4, 12, or 24 tones. By configuring multiple CSI-RS on successive OFDM symbols with tone staggering, the receiver can see a full comb signal after de-staggering, as shown in Figure 3. Such a configuration could be achieved using Release-15 itself, or a new CSI-RS configuration could be defined to avoid having to configure multiple CSI-RS resources. Using combs allows FDM orthogonalization of neighboring gNBs. To allow more flexibility in time and frequency orthogonalization, more comb densities could be defined for CSI-RS to be used as PRS. Similar considerations apply to use of SRS on the uplink for RTT. SRS supports comb-2 and comb-4; we could additionally define a comb-1 pattern, and staggering configurations for comb-2 and comb-4 patterns.





[bookmark: _Ref534789991]Figure 4	Positioning signal frequency density (Comb-1 contiguous tones (left), and Comb-4 with staggering (right)).
[bookmark: _Ref528764275]SSBs are limited in bandwidth to 127 tones for PSS, SSS and 20 RBs for PBCH. It is not straightforward to extend the SSB BW. However, there may be applications with accuracy requirements such that the SSB BW is sufficient to serve as a PRS. This may especially be the case with larger SCS, which implies larger SSB BW. A subset of SSBs may thus be defined to serve as PRS. By appropriate configuration of the set of transmitted SSBs in different TRPs, they may be orthogonalized by TDM. The maximum SSB periodicity is 160ms, whereas LTE PRS periodicity can be up to 1280ms. To achieve periodicities supported in LTE, the periodicity of the SSBs serving as PRS may span multiple SSB periods.
[bookmark: _Hlk21083264][bookmark: _Hlk16843098]Proposal 15:	Allow configuring CSI-RS resources as PRS resources, including new staggering patterns for such CSI-RS resources, and allow configuring certain SSBs as PRS resources.
· The periodicity of the SSBs serving as PRS may span multiple SSB periods
· E.g., Configuring multiple TRS sets with the same port across sets and different shifts (“Extended” TRS).
15 Resource element (RE) - level shift  
	Agreement:
· 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



The PRS resource staggering could be parametrized using 
· Comb-type value
· one resource element (RE) offset for the first OFDM symbol of the PRS resource occasion
· specified sequence of offsets for the remaining of symbols in the PRS resource occasion
For a PRS resource spanning a large number of consecutive OFDM symbols, collisions with other channels of higher priority could result in the creation of unwanted frequency domain spectrum holes. For example, consider the case of a comb-6 with a stair-case type of staggering which is preempted due to a 2-symbol collision as shown in the next figure. Then, two frequency hole of 3 subcarriers long would be created resulting in stronger aliased peaks (subcarriers 1,2,7,8 are not occupied).
[image: ]
Figure 3 Staggering option 1
On the other hand, if the subcarriers occupied by consecutive OFDM symbols are separated as much as possible given the subcarriers already being occupied, as it is shown in the figure below, subcarriers 1,3,7,9 are not occupied, which are not consecutive, resulting in frequency holes of just 2 subcarriers. 
[image: ]
Figure 4 Staggering option 2
The two staggering options impact the shape of the resulting Channel Energy Responses (CERs) in the case where some symbols are missing.
[image: ]
[bookmark: _Ref16750877]Figure 5 CERs of comb-4 signals with 2 consecutive missing symbols
In Figure 5, staggering option 2 produces a single alias term at 10 km (15 kHz SCS assumed), compared to 2 alias terms at ±5 km for option 1 in 2 out of the 3 cases.  The further away from the main peak and the lower the magnitude of an alias term, the easier it would be to disambiguate it from the main peak and avoid outliers.  Option 2 is preferable because it’s better or equal to option 1 in all cases.
[image: ]
[bookmark: _Ref16751236]Figure 6 CERs of comb-6 signals with 2 consecutive missig symbols
In Figure 6, staggering option 2 has its closest alias terms at ±6.67 km (15 kHz SCS assumed) from the central peak, compared to ±3,33 km for staggering option 1 in 3 out of 5 cases.  In the remaining 2 cases, both staggering options have the same minimum alias distance of ±3,33 km.  Option 2 is preferrrable because it’s better or equal to option 1 in all cases.
[image: ]
[bookmark: _Ref16751593]Figure 7 CERs of comb-6 signals with 3 consecutive missing symbols
In Figure 7, staggering option 2 and 1 both have their closest alias terms at ±3,33 km (15 kHz SCS assumed) from the main peak.  However, the first alias peak level is 6 dB lower for option 2 than for option 1.  Option 2 is preferrable due to the consistently lower first alias term level.
[image: ]
[bookmark: _Ref16751771]Figure 8 CERs of comb-6 signals with 4 consecutive missing symbols
In Figure 8, staggering option 2 has its first alias term at ±6.67 km (15 kHz SCS assumed) from the central peak for 2 out of the 3 cases.  In the third case, the CER shapes for options 1 and 2 are identical.  Option 2 is preferrable, because it’s equal or better than option 1 in all cases.
[bookmark: _Hlk16842992]Observation 4	Staggering option 2 has equal or better first alias term properties compared to option 1 for all cases.
[bookmark: _Hlk16843000][bookmark: _Hlk21083282]Proposal 16: For positioning, the frequency domain shifts are chosen according a round robin fashion from the following sequence for all the symbols of the SRS resource inside a slot. 
· For comb type 2: 
· For comb type 4: 
· For comb type 6: 

Proposal 17: With respect to the relation between the comb-type and number of symbols in a PRS resource downselect between the following 2 alternatives:
· Alt. 1: A comb-N pattern is only applied for a M-symbol PRS resource with N=M
· Alt. 2: A comb-N pattern is only applied for a M-symbol PRS resource with N<=M
16 Number of ports 
On the issue of the number of ports per PRS resource, it should be noted that the gNB would be able to configure multiple PRS resources, and multiple PRS resource sets, and even signal QCL relationship between any of them. Therefore, there is no evident reason what a 2 port PRS resource may additionally enable. Note also that CSI-RS for RRM is only 1 port. The CSI-RS for BM has the option of a 2-port configuration which however does not provide incremental information on top of the 1-port CSI-RS configuration since the UE is averaging the L1-RSRP across all the resource elements.

[bookmark: _Hlk7698074][bookmark: _Hlk16843005][bookmark: _Hlk21083289]Proposal 18: Only 1 port per PRS resource is defined in NR Rel-16 specification.
17 Conclusion 
In this contribution, we make the following observations and proposals
Proposal 1: A frequency layer is a collection of PRS resource sets across one or more TRPs which have
· the same SCS and CP type, 
· the same center frequency of their configured BW,
· i.e. startPRB + floor(nrofPRBs/2) of each PRS resource have the same value
· the same configured BW
· the same point-A (already agreed)

Proposal 2: The following aspects related to the frequency layer concept are UE capabilities:
· max number of frequency layers
· max number of PRS resources per frequency layer
· max number of PRS resources across all frequency layers per a time-unit
· FFS: time-unit value definition (e.g., 160 msec)

Proposal 3:	DL PRS should always occupy all subcarriers of the configured bandwidth with a staggered comb-N pattern spanning at least N OFDM symbols with N = 1 to be supported also in addition to N={2,4,6}.
Proposal 4: With regards to the number of max number of PRS resources consider the following parameters:
· Max number of PRS resources per TRP: [1,2,4,8,32,64]
· Part of UE capability discussion
· Max number of PRS resources per PRS resource set: 64
Proposal 5: Introduce a separate UE capability for the low periodicity PRS resources (e.g. those that correspond to less than 160 msec). 
Proposal 6: Introduce the option of a 12-symbol PRS resource in a slot without introducing higher comb type than 6. 
Proposal 7: DL PRS occasion is defined as the number of NPRS consecutive slots that a PRS resource is transmitted  after the configured slot offset DL-PRS-ResourceSlotOffset, i.e. the PRS resource is transmitted on the slots 
[DL-PRS-ResourceSlotOffset, … DL-PRS-ResourceSlotOffset+N-1], on the same symbols of each slot. 
· Support at least NPRS = , where  is the numerology of the frequency layer of the PRS resource. 
· Introduce a separate UE capability for any value that is larger than NPRS =  .

Proposal 8: With respect to the transmission BW of a PRS resource, 
· Minimum BW of 24 PRBs
· Maximum BW of 272 PRBs
· the starting RB is defined in relation to a signalied point-A of the frequency layer that the PRS resource belongs to values ranging from 0 to 2172).  

Proposal 9: With respect to the PRS to SSB power ratio:
· Configure in the assistance data a DL-PRS-SSB-PowerOffset.
·  Use a range [-3, 0, 3, 6] dB similar to CSI-RS resource to SSB EPRE ratios that exist in NR Rel-15. 

Proposal 10:	A PRS resource set with  resources can be configured with up to  -bit muting pattern(s) where each bit of the sequence controls whether a corresponding occasion of an associated muting group of the  muting groups of the PRS resources of the set is muted or not.
·  is supported (i.e., all PRS resources of the set have the same muting pattern)
· FFS: other values of  
·  is supported 
· FFS: other values of 
· Note: It shall be possible to configure the same muting pattern(s) for all PRS resource sets of a gNB even if they have different periodicities.
· FFS: Further ways to reduce the configuration overhead (e.g., cyclic shifted muting patterns, permutation-based muting patterns, randomized muting patterns). 

Proposal 11: Agree on a higher layer parameter DL-PRS-ResourceType which is used to configure an “on-demand” DL PRS resources from one TRP. A similar behaviour shall be possible for a PRS muting pattern. 
· Remaining details on how the signaling is done shall be for RAN2 & RAN3 WGs. 

Proposal 12: Introduce the concept of DL-PRS-ResourceSetSpatialFilter which takes the value 0 or 1, to enable indicating that all DL PRS resources with a PRS resource set use the same DL spatial transmission filter. 
Proposal 13:  Use the following  formula for scrambling initialization at the start of each OFDM symbol:

where is the slot number within a radio frame of each TRP transmitting the PRS resource,  is the OFDM symbol number within a slot and  is higher layer configured for each PRS resource with a size of 16 bits.

Proposal 14: With regards to DL PRS multiplexing with other NR signals/channels:
· When the UE is provided assistance data of the time/frequency occupancy of the SSBs of a TRP, for a PRS collision with an SSB from a TRP, the UE assumes that the PRS shall not be mapped on the collided symbols.
· FFS: Details on the related assistance data
· For a PRS collision with a PDSCH from a serving TRP scheduled by PDCCH scrambled with SI-RNTI, P-RNTI, RA-RNTI, the UE assumes that the PRS shall not be mapped on the colliding symbols.
· For a PRS collision with a PDSCH from a TRP intended for URLLC traffic, the UE assumes that the PRS shall not be mapped on the colliding symbols.
Proposal 15:	Allow configuring CSI-RS resources as PRS resources, including new staggering patterns for such CSI-RS resources, and allow configuring certain SSBs as PRS resources.
· The periodicity of the SSBs serving as PRS may span multiple SSB periods
· E.g., Configuring multiple TRS sets with the same port across sets and different shifts (“Extended” TRS).

Proposal 16: For positioning, the frequency domain shifts are chosen according a round robin fashion from the following sequence for all the symbols of the SRS resource inside a slot. 
· For comb type 2: 
· For comb type 4: 
· For comb type 6: 

Proposal 17: With respect to the relation between the comb-type and number of symbols in a PRS resource downselect between the following 2 alternatives:
· Alt. 1: A comb-N pattern is only applied for a M-symbol PRS resource with N=M
· Alt. 2: A comb-N pattern is only applied for a M-symbol PRS resource with N<=M

Proposal 18: Only 1 port per PRS resource is defined in NR Rel-16 specification.
18 [bookmark: _Ref450583331]References
[1] R1-1909932, “List of higher layer parameters for NR Positioning”, Intel
19 Appendix
DL PRS shall always be fully staggered
From basic Fourier transform properties, we find that unstaggered comb-N frequency domain signals produce time-domain equivalents with N repetitions.  OFDM communication systems are robust against such ambiguities as long as the delay spread of the channel is less than the ambiguity distance.  However, such ambiguities are detrimental to navigation and positioning systems that depend on measurements of time-of-arrivals, such as OTDOA, because the ambiguities may produce false position fixes.  Figure 1 illustrates the alias impact on the received Channel Energy Response (CER) from various comb-levels using a simple 3-path model.
[image: ]
[bookmark: _Ref532549248]Figure 1 Channel Energy Responses (CERs) for 15 kHz SCS and various unstaggered comb-options
If the use of unstaggered signals were to be considered, there would be strict operational constraints.  In order to resolve the inherent ambiguities associated with unstaggered comb options > 1, there would have to be a-priori knowledge of UE position uncertainty, transmission point position uncertainty, gNB network timing uncertainty, maximum excess delay for each gNB-UE link and the uncertainty in determining symbol-boundary of the reference TRP at the UE.  The combined impact of all of the parameters would need to be smaller than ± ½ ambiguity distance.

Figure 2	A priori UE position uncertainty impact on TDOA search window
The figure above shows the impact of distance differences, i.e. TDOA, from the a priori uncertainty, dunc, of a UE’s position to generate a search window. From the figure, it can be shown that:


Figure 3	Network synchronization accuracy impact on TDOA search window
The figure above shows the impact of timing uncertainties between a reference TRP and a neighbor TRP as observed by UEH0.  Similarly, the network synchronization impact on the search window is:

[bookmark: _Hlk7698047]Observation : If the use of unstaggered signals were to be considered, it would result to very strict operational constraints since the configured search window cannot be arbitrarily small due to the uncertainty resulting at least from the following factors:
· UE position uncertainty even with a priori knowledge of the serving TRP (this may include uncertainty due to UE height compared to gNB heights)
· gNB network timing uncertainty & UE synchronization to serving TRP (uncertainty in symbol-boundary of the reference TRP at the UE)
· maximum excess delay for each gNB-UE link 
· transmission point position uncertainty 

As a rule of thumb analysis of how the above could affect the level of uncertainty for non-staggered signals, consider the case of comb-N signal, and we can focus on how the first 3 main factors would affect the analysis. 

The peaks of the autocorrelation of the reception of the PRS from different TRPs are being repeated after , where  is the duration of the symbol ( is approximately 66.6 usec, 33.3 usec, 16.6 usec and 8.3 usec for 15, 30, 60 and 120 KHz subcarrier spacing respectively). Therefore, the serving gNB would need to be able to configure a search window of a small enough size (no larger than  to combat the aliasing and ask from the UE to identify the TOA peak on the correct Nth section of the autocorrelation function. 

However, the serving gNB would not be in position to provide an arbitrarily small search window due to the uncertainty resulting at least from the factors shown in Observation 1. For example, if the serving TRP and the neighboring are only loosely synchronized (e.g., 3 usec of network uncertainty for TDD), then the serving TRP would not be able to configure a smaller search window than 6 usec. It should be emphasized here that loosely synchronized networks are expected to perform positioning using RTT procedures which are using the same DL PRS as any other positioning procedures. As another example, the serving TRP would need to use some a priori assumption on the maximum delay spread of the neighboring TRP to the UE, otherwise the aliased late peak may appear as an early low-power peak, which however would still be considered by the UE as a TOA (recall that the UE is not looking for the strongest peak, but for the earliest peak, so it is likely that a late low-power peak would be confused as an early peak). 

To do a deeper dive on the size of the smallest search window that a serving gNB could configure to the UE, consider the following table: 

	Uncertainty factor
	Level of Contribution to the overall uncertainty

	UE positioning uncertainty even with a priori knowledge of the serving TRP
	approximately equal to:  

	Serving to neighboring gNB network timing uncertainty
	In TDD deployments, this value can be as much as  usec.

	maximum excess delay for the neighboring gNB to UE link
	One proxy for this could be the CP length ( which equals 4.7 usec, 2.35 usec, 1.175 usec, 0.58 usec for 15, 30, 60 and 120 KHz SCS respectively. 

	Summation 
	



Based on the above, we can examine a few examples assuming 3 usec gNB network timing uncertainty. 

	uncertainty with a priori knowledge of the serving TRP with radius R
	SCS
	
	

	2000 m
	15 KHz
	24.0 usec
	~36%

	500 m
	30 KHz
	11.7 usec
	~35%

	200 m
	120 KHz
	7.9 usec
	~95%



Based on the above table for 3 usec gNB network timing uncertainty:
· For 500 m cell radius and 30 KHz SCS, the serving gNB would need to configure to the UE an uncertainty window of a length of at least 11.7 usec (if it tries to configure a shorter window, then it could result in the UE missing the main peak of the neighboring TRP), which however is already 35% of the symbol duration, and therefore any comb-N with N>2 would not work. The same applies for a 2000 m Cell radius and 15 KHz SCS.
· For 200 m cell radius and 120 KHz SCS, things are even worse, and even comb-2 would not work. 

[bookmark: _Hlk7698055]Observation : The same DL PRS should work for RTT and DL-AoD (DL-RSRP) where no synchronization requirement is expected beyond the loose time synchronization (3 usec). 

For the case of synchronized networks (e.g., gNB timing uncertainty within [-100, 100] nsec) the above analysis is as follows:

	uncertainty with a priori knowledge of the serving TRP with radius R

	SCS
	
	

	2000 m
	15 KHz
	18.2 usec
	~27%

	500 m
	30 KHz
	5.9 usec
	~18%

	200 m
	120 KHz
	2.1 usec
	~25%



Based on the above table, even with a network uncertainty in the [-100,100] nsec region, anything above comb-4 would not be a robust choice for NR PRS, and even comb-4 seems to be a borderline, non-robust case. 
 
Note that the LTE DL PRS pattern does not occupy all tones in a resource block, because of coexistence requirements with CRS. These "frequency holes" result in alias peaks in the time correlation function. In addition, the PRS symbols are spread over up to 8 symbols in a sub-frame.  Coherent combining ("de-staggering") of PRS symbols is required to minimize impact from aliases and ambiguities, and this may also increase measurement latency and sensitivity to UE mobility (Doppler).   
We will consider two candidate signal structure groups and evaluate those towards the various impact indicators.
· Comb-1 signals: Common for all comb-1 signal structures is that they have no frequency holes and provide an alias-free and ambiguity-free time domain channel impulse response.  These signals are also inherently robust against Doppler impact because no coherent combination is required across time.  Furthermore, of all comb options, comb-1 enables use of the largest number of Tx beams per unit time and affords the shortest dwell duration for any single TRP observation.  The latter could lead to minimization of UE power consumption, while the former could be used to minimize total position fix duration while simultaneously providing improved received signal power and rejection of neighbor TRP interference.  The TDM nature of this signal structure makes it flexible if co-existence with other signals (e.g. PDCCH) is required.  Comb-1 also produces the lowest requirement for Rx beam-forming resources (i.e. #ADCs) for a fixed number of beams in a sweep, or conversely allows the fastest beam-sweeps for a fixed number of Rx beam-forming resources.  While supporting beam-pairing for measurements from all gNBs, comb-1 doesn’t allow any power boost (EPRE).  Finally, the computational complexity for processing is minimized because signal extraction is naturally aligned with symbols and no combination across symbols are required.
· [bookmark: _Hlk534904380][bookmark: _Hlk7698061]Comb-N signals with staggering: Possible RB-aligned comb-N options include {2,3,4,6,12}, and ambiguity-free signal configurations would require signal durations of {2,3,4,6,12} OFDM symbols respectively.  The available power-boost (EPRE) would also correspond to the comb-level, but the increased signal durations would lead to increases in beam-sweep durations for a fixed number of beams compared to comb-1 signals.  There would also be a further increase in the beam sweep duration assuming fixed Rx beam-forming resources because each gNB requires longer time to transmit its PRS and the signals need to be TDMed.
Doppler impact with high comb type
UE motion may lead to relative Doppler offsets between observations of the serving TRP and neighbor TRPs.  The Doppler impact would manifest itself as an additional positive or negative phase rotation from one symbol to the next, and this would be a concern when coherent combining of different signal elements across different symbols is required.  For QPSK modulation a phase rotation of 90 degrees would result in a large error vector magnitude (EVM), and this would significantly impact the output of a correlation operation.  Assuming a generous threshold for operation of 45 degrees of acceptable phase error would mean a constraint for Doppler shift of 1/8th of a wavelength across the signal duration (assume constant UE velocity over the observation window).  Since a UE typically would track the frequency of its serving TRP, but have no knowledge of its actual velocity, the relative Doppler speed of neighbor TRPs could be up to +/- 2 times the UE speed over ground.  Thus, the max speed over ground could be found from the following equation.

where
Smax is maximum UE speed over ground to meet the constraint.
λ is the wavelength of the signal.
∆T is the signal duration from the beginning of the first symbol to the beginning of the last symbol.
We’ll consider signal spans of {2,3,4,6,7,14} symbols, with ∆T corresponding to {1,2,3,5,6,13} symbols.  Furthermore, we’ll consider SCSs of {15, 30} kHz for FR1 and {60, 120, 240} kHz for FR2.  Figure 4 and Figure 5 show speed limit curves for FR1 and FR2 respectively.
[image: ]
[bookmark: _Ref534377984]Figure 1	FR1 speed limit for coherent combining as function of signal duration (#symbols)
[image: ]
[bookmark: _Ref528759127]Figure 2	FR2 speed limit for coherent combining as function of signal duration (#symbols)
Exceeding the speed limits would result in deteriorated measurement quality and performance.  Alternatively, it would necessitate significantly increased receiver complexity, memory and processing requirements

Beam management considerations and PRS pattern 
We will present a list of candidate signal structures and evaluate those towards the various impact indicators, and we’ll focus on various RB-aligned comb values, and slot-aligned Tx beams and signal repetitions. We assume use of signal structures with no frequency holes. For Tx beam-sweeping there is the following requirement for the number of slots given the target number of Tx beams, the number of available symbols per slot and the number of beams per slot.
·  is the number of slots required for Tx beam-sweeping.
·  is the desired number of Tx positioning beams.
·  is the number of available positioning symbols per slot.
·  is number of Tx positioning symbols desired per beam.
A UE with limited ADC resources that uses analog beam-formers will have correspondingly limited simultaneous Rx beam-forming capabilities.  With increasing overlap in TRP transmissions, a UE with limited ADC/beam-forming resources will need retransmissions in order to RX beam-form to all the TRPs.  E.g. if there are 4 TRPs transmitting in a time interval, but a UE only has 2 ADC resources, the UE could at most Rx beam-form to 2 of the 4 TRPs per transmission time interval.  Two of the time intervals would be required to Rx beam-form to all 4 TRPs. Note that for analog beam-formers TXSPB would be a positive integer, but for digital beam-formers TXSPB could be represented as a fraction in the equations above, since multiple beams can then share the same OFDM symbol.
Given a fixed time budget, signal structures with increasing comb-levels and no frequency holes, will have a similarly increasing number of time-overlapping TRP transmissions.  This leads to a modified requirement for number of slots that supports both Tx beam-sweeping and Rx beam-forming in cases where the number of TRPs with overlapping transmissions outstrip the UE beam-forming capabilities.

·  is the number of slots required.
·  is the comb-level of the signal structure.
·  is the desired number of Tx positioning beams.
·  is the number of available positioning symbols per slot.
·  is number of Tx positioning symbols desired per beam.
As an example, a UE with Rx beam-forming capacity of 2 in a deployment with comb-1 with 14 symbols/slot, 1 symbol per beam and a target of 1 Tx beams could support Rx beam-forming of 28 TRPs using only 1 slot.  However, a comb-2 signal structure would require 2 slots to support Rx beam-forming.
CSI-RS has options that support up to 8 Rx beam hypotheses.  Using this as baseline, a UE with 2 ADC resources would require 8/2 = 4 repetitions of a transmitted sequence in order to attempt all 8 Rx beam hypotheses.This could lead to reduced utilization and increased sweep duration with further impact from UE motion and clock drift, or it could lead to increased receiver complexity for handling special cases and sub-optimal performance due to alias and ambiguities.
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PL; (q) = referenceSignalPower — higher layer filtered RSRP. where referenceSignalPower is provided by

higher layers and RSRP is defined in [7. TS 38.215] for the reference serving cell and the higher layer filter
configuration provided by QuantityConfig is defined in [12. TS 38.331] for the reference serving cell

If the UE is not configured periodic CSI-RS reception. referenceSignalPower is provided by ss-PBCH-
BlockPovwer. If the UE is configured periodic CSI-RS reception. referenceSignalPower is provided either by ss-
PBCH-BlockPover or by powerControlOffsetSS providing an offset of the CSI-RS transmission power relative
to the SS/PBCH block transmission power [6. TS 38.214]. If powerControlOffsetSS is not provided to the UE.
the UE assumes an offset of 0 dB.
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