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1. Introduction
  A new work item on "NR Positioning Support" has been agreed at RAN#83 [1]. The objectives include:
RAN1 centric objectives
1. Specify NR DL and UL reference signals to facilitate support of NR positioning techniques (DL-TDOA, DL-AoD, UL-TDOA, UL-AoA, multi-cell RTT and E-CID) [RAN1]
0. Support E-CID downlink measurements based on at least RRM measurements defined in NR Rel. 15
0. Identify whether and which Rel-15 NR reference signals can be used for different NR positioning techniques
0. Define new DL positioning reference signals applicable at least for DL-TDOA, DL-AoD, RTT
0. Define UL SRS with possible enhancements for positioning which is applicable at least for RTT, UL-TDOA, UL-AoA
1. Define UE measurements based on DL reference signals applicable for NR positioning. The following UE measurements are specified for serving, reference, and neighboring cells [RAN1]
1. DL RSTD (reference signal time difference) measurements for NR positioning
1. DL RSRP (reference signal received power) measurements for NR positioning
1. UE RX-TX time difference measurements for NR positioning
1. Define gNB measurements based on UL reference signals applicable for NR positioning. The following gNB measurements are specified [RAN1]:
2. UL RTOA (relative time of arrival) measurements for NR positioning
2. UL Angle of Arrival (AoA) measurements (including Azimuth and Zenith Angles) for NR positioning
2. UL RSRP (reference signal received power) measurements for NR positioning
2. gNB RX-TX time difference measurements for NR positioning
1. If necessary, define physical-layer procedures to support UE/gNB measurements for NR positioning [RAN1]

In the last meeting, the following agreements were made with regards to the DL reference signals for positioning: 

Agreement:
· 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. 
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
Agreement:
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
Agreement:
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
Agreement:
Number of DL PRS Sequence IDs is at least 4096
Agreement:
Support of numerologies (CP length and sub-carrier spacing) for the DL PRS is the same as for data transmissions in Rel-15. 
Agreement:
DL PRS muting is supported. The UE is expected to be indicated when the DL PRS is muted.
Agreement:
The DL PRS configuration provided to the UE is independent of the configured DL BWPs of the UE

In this paper, we present our views on DL Reference Signals.  
3 DL PRS structure
We present some key impact indicators and study their impact on some potential design choice for DL reference signals.
3.1 Why is full frequency-domain staggering necessary? 
In previous meeting the following agreement was achieved with regards to the frequency domain mapping of the PRS:
	Agreement:
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



Based on this agreement, a uniform pattern in the frequency domain (comb-type pattern) is supported for DL PRS. However, it is for further study how and what staggering refers to, and whether there is any relation between the symbols and the frequency staggering.
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 cell 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 cell and a neighbor cell as observed by UEH0.  Similarly, the network synchronization impact on the search window is:

[bookmark: _Hlk7698047]Observation 1: 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 cell (this may include uncertainty due to UE height compared to gNB heights)
· gNB network timing uncertainty & UE synchronization to serving cell (uncertainty in symbol-boundary of the reference cell 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 cell and the neighboring are only loosely synchronized (e.g., 3 usec of network uncertainty for TDD), then the serving cell 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 cell would need to use some a priori assumption on the maximum delay spread of the neighboring cell 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 cell
	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 cell 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 cell), 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 2: 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 cell 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 cell 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 cell 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.
· 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.
[bookmark: _Hlk7698061]Observation 3: 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. 
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.
[bookmark: _Ref534377022][bookmark: _Ref1129439]Proposal 1:	DL PRS should always occupy all subcarriers of the configured bandwidth with a staggered comb-N pattern spanning at least N OFDM symbols. Study further only the following options: N = {1,2,4}
3.2 Number of ports per PRS resource
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]Proposal 2: Only 1 port per PRS resource is defined in NR Rel-16 specification.

3.3 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 cell transmissions, a UE with limited ADC/beam-forming resources will need retransmissions in order to RX beam-form to all the cells.  E.g. if there are 4 cells 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 cells per transmission time interval.  Two of the time intervals would be required to Rx beam-form to all 4 cells. 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 cell 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 cells 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 cells 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.
[bookmark: _Ref534797615][bookmark: _Hlk7698085]Observation 4:	The duration of a beam sweep is proportional to the number of beams to be swept and inversely proportional to the number of available symbols per slot and to the number of symbols required per beam.
3.4 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 cells, they may be orthogonalized by TDM. The maximum SSB periodicity is 160ms, whereas LTE PRS periodicity can be upto 1280ms. To achieve periodicities supported in LTE, the periodicity of the SSBs serving as PRS may span multiple SSB periods.
[bookmark: _Ref1129460][bookmark: _Hlk7698146]Proposal 3:	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.
· E.g., Configuring multiple TRS sets with the same port across sets and different shifts (“Extended” TRS). 
3.5 [bookmark: _Hlk534813738]Interference randomization
[bookmark: _Ref534377027][bookmark: _Hlk534903216]As background, LTE PRS has an option for using muting patterns that are fixed and repeating.  This means that, despite the use of muting, if two cells are colliding in one location, they will always remain colliding in that location.  From a deployment perspective, the recommendations for such would greatly simplify if the signal structure guaranteed that all cells be orthogonal to all other cells at all points in their coverage area at some point in time.
For a signal structure that has O orthogonal states, and a PRS ID space with P unique IDs, orthogonality could be guaranteed in at least one occasion for any pair of PRS IDs using a hopping sequence of length L conforming to the equation below.
[bookmark: _Hlk1119687]
The sequence could be represented as a length-L base-O number, and it is trivial to prove that orthogonality among all P exists in at least one occasion since each PRS ID would be assigned a different hopping sequence number.
As an example, LTE PRS has 6 orthogonal states, and there are 504 unique physical cell IDs in total.  Thus, a hopping sequence length of would have been needed, and each sequence could be represented as a length-4 base-6 number (Note that the upper brackets signify a ceiling operation).  E.g. PCI 0 could be assigned the sequence  and PCI 6 could be assigned the sequence .  In this example, PCI0 and PCI6 would collide in occasions {1,2,4}, but be orthogonal in occasion 3.
Supporting a PRS ID space of 4096 cells with the same orthogonality level would only require a sequence length of .  Conversely, a hopping sequence of length 5 could support a PRS ID space of .
Muting can be considered as an additional binary orthogonality state, and the above equation can be modified as follows.

With O orthogonal signal states, this means that each PRS ID group size is  or  (lower brackets indicate a floor operation).  Only PRS IDs corresponding to the same group are colliding and would need additional orthogonality through muting.  In the same examples as above, the required muting sequence lengths would be , .
[bookmark: _Ref534727714][bookmark: _Hlk7698158]Proposal 4:	Support enhancements that guarantee orthogonality among all cells for all locations at some point in time.
3.6 TP ambiguity & 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]Proposal 5:  Use the following  formula for scrambling initialization at the start of each OFDM symbol:

where is the slot number within a radio frame,  is the OFDM symbol number within a slot and  is higher layer configured for each PRS resource with a size of 16 bits. if is not  provided, .

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 (,   , ).  
3.7 [bookmark: _Hlk534904380]Duty factor
[bookmark: _Ref528764256]For LTE OTDOA, typical deployment of PRS may use occasion length of 1 sub-frame and a repetition period of 160 ms (N_PRS = 1, T_PRS = 160).  The duty factor of this scheme is 100%*1ms/160ms = 0.625%.  Some sub-10 MHz deployment may utilize N_PRS = 2, with a throughput impact of 1.25%.  Note that there is a reduction in available DL throughput corresponding to the duty factor of PRS. Also note that if RS that are already being transmitted for other purposes (eg, SSBs, or CSI-RS for RLM) are allowed to be re-used as PRS, then they should not be included as additional PRS overhead.  Terrestrial Beacon Systems [14] would be dedicated for navigation and positioning and could transmit DL PRS at higher duty factors.
[bookmark: _Ref1129471][bookmark: _Hlk7698170][bookmark: _Ref528764261]Proposal 6: There should be a configuration option that supports reference signal duty factor <= 1%. There should be a configuration option that supports Terrestrial Beacon Systems (TBS) with increased duty factor.
3.8  Doppler impact
UE motion may lead to relative Doppler offsets between observations of the serving cell and neighbor cells.  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 cell, but have no knowledge of its actual velocity, the relative Doppler speed of neighbor cells 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 4	FR1 speed limit for coherent combining as function of signal duration (#symbols)
[image: ]
[bookmark: _Ref528759127]Figure 5	FR2 speed limit for coherent combining as function of signal duration (#symbols)
[bookmark: _Ref534376959][bookmark: _Ref534978151][bookmark: _Hlk7698180]Observation 5:	Choice of DL PRS comb-level will impact the number of symbols required for transmission of an alias-free signal and may necessitate coherent integration to reconstruct the alias-free signal by a receiver
[bookmark: _Ref534978156]Observation 6:	Coherent integration performance for signals that span multiple symbols will deteriorate due to Doppler from UE motion
[bookmark: _Hlk4766235]Exceeding the speed limits would result in deteriorated measurement quality and performance.  Alternatively, it would necessitate significantly increased receiver complexity, memory and processing requirements.
4 Conclusion 
In this contribution, we make the following observations:
Observation 1: 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 cell (this may include uncertainty due to UE height compared to gNB heights)
· gNB network timing uncertainty & UE synchronization to serving cell (uncertainty in symbol-boundary of the reference cell at the UE)
· maximum excess delay for each gNB-UE link 
· transmission point position uncertainty 

Observation 2: 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). 

Observation 3: 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. 
Observation 4:	The duration of a beam sweep is proportional to the number of beams to be swept and inversely proportional to the number of available symbols per slot and to the number of symbols required per beam.
Observation 5:	Choice of DL PRS comb-level will impact the number of symbols required for transmission of an alias-free signal and may necessitate coherent integration to reconstruct the alias-free signal by a receiver
Observation 6:	Coherent integration performance for signals that span multiple symbols will deteriorate due to Doppler from UE motion
In this contribution, we make the following proposals:
Proposal 1:	DL PRS should always occupy all subcarriers of the configured bandwidth with a staggered comb-N pattern spanning at least N OFDM symbols. Study further only the following options: N = {1,2,4}
Proposal 2: Only 1 port per PRS resource is defined in NR Rel-16 specification.
Proposal 3:	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.
· E.g., Configuring multiple TRS sets with the same port across sets and different shifts (“Extended” TRS). 
Proposal 4:	Support enhancements that guarantee orthogonality among all cells for all locations at some point in time.
Proposal 5:  Use the following  formula for scrambling initialization at the start of each OFDM symbol:

where is the slot number within a radio frame,  is the OFDM symbol number within a slot and  is higher layer configured for each PRS resource with a size of 16 bits. if is not  provided, .

[bookmark: _GoBack]Proposal 6: There should be a configuration option that supports reference signal duty factor <= 1%. There should be a configuration option that supports Terrestrial Beacon Systems (TBS) with increased duty factor.
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