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Introduction
At the RAN WG1 AdHoc meeting 1901 meeting, the designs aspects of NR DL only positioning were discussed with the following agreements made [1] with respect to DL RAT-dependent solutions.
	Agreements from RAN1 AdHoc-1901:
On NR DL positioning techniques
NR should support timing (DL-TDOA) based DL-only positioning techniques in FR1 and FR2
NR should support angle (DL-AoD) based DL-only positioning techniques with at least beam sweeping at least at the gNB in FR1 and FR2
· Note: This does not necessarily need different reference signals from the timing based DL-only positioning techniques


In this contribution, we continue discussion on design aspects of NR DL based positioning solutions, while our views on other NR positioning aspects are provided in companion contributions [2]-[7].
Remaining Aspects of NR DL Positioning
The following remaining open aspects were identified for NR DL only positioning and require further discussion: 
	Additional aspects that have been proposed during the study:
Receive signal waveform reporting
UE-based positioning
Multipath measurements
SFN transmissions for positioning
Techniques to lower UE complexity for OTDOA
Broadcast of assistance data
LMUs


In this contribution, we focus on the first five aspects to be considered by RAN1 WG for NR DL positioning. The last two aspects (support of LMUs and broadcast of assistance data) are out of RAN1 WG scope and should be decided by other WGs.
Received Signal Waveform
In order to have full information for all signal location parameters, UE can directly record received PRS waveforms and report them back to the network for further processing (see Figure 1). In order to support this approach, UE may even not know the reference signal structure and reference sources. The only information UE need to know is the time-instances when the recording should be made by UE. In order to elaborate on advantages of the received signal waveform reporting for NR positioning, we have prepared a dedicated paper where proposed technique is discussed in details [7].
The major advantage of the received waveform reporting is the possibility to utilize the network computation power for accurate estimation of signal location parameters and user positioning. This can be especially beneficial if operator does not own or does not want to allocate large amount of spectrum for PRS transmission or UE does not support processing at the maximum system bandwidth. The technique can significantly reduce UE complexity and cost for NR positioning as well as achieve upper performance bound among all RAT dependent positioning solutions [7].


Reporting of received signal waveform preserves full information about all signal location parameters
Cloud/network based processing of the received waveforms can significantly improve estimation accuracy of signal location parameters and finally user positioning
Reporting of received signal waveform has low complexity for UE implementation and can provide upper bound in terms of positioning performance for RAT dependent solutions



[bookmark: _Ref525383298]Figure 1: Reporting of received signal waveform for NR DL positioning
Based on brief discussion above and overview of received signal waveform benefits and principles in [7], we have following proposals to boost NR positioning performance.

Proposal 1: 
NR Positioning supports reporting of the received signal waveform(s) for accurate estimation of signal location parameters at NW side
RAN1 is to further study and define mechanisms to support reporting of received signal waveform(s) at WI stage

UE-based Positioning
The UE-based positioning can reduce signaling overhead on Uu link and has advantages in terms of UE positioning capacity and system scalability over other studied techniques. In general, it can also facilitate positioning for RRC_IDLE and/or RRC_INACTIVE UEs. The drawback of UE-based positioning utilizing NR DL only positioning techniques is that timing based techniques are sensitive to network synchronization errors while DL AoD measurements may not provide accurate location. In order to properly apply DL timing based solutions, UE should be informed on the level of network synchronization accuracy.
UE-based positioning cannot afford the same computational power as it can be offered by network. The network can exploit advantage of cloud processing to enable modern artificial intelligence/machine learning techniques as well as advanced optimal signal processing to accurately estimate UE location. The downside of UE-based positioning is that it negatively affects cost, complexity and UE power consumption due to extra processing for coordinate estimation.
The NR DL positioning provides maximum coverage and thus considered as one of the main RAT dependent positioning approaches. The NR DL positioning framework should provide similar capabilities for NW-based and UE based positioning solutions, otherwise quantized and erroneous reporting DL measurements from UE may significantly degrade positioning capabilities that NW can provide towards end user. In order to compensate these losses, the raw data recorded by UE should be made available at NW side.


UE-based positioning provides benefits in terms of user positioning capacity / scalability

Proposal 2: 
NR supports UE based positioning
If UE-based positioning is agreed, proper considerations should be given to improve NW-based positioning capabilities as well
As a mechanism to improve NW based positioning performance, the received signal waveform report should be considered as a primary enhancement
For UE positioning based on DL only solutions, additional signaling on NW/gNB synchronization accuracy/offset should be defined
UE based positioning is supported for RRC-IDLE/INACTIVE/CONNECTED UEs

Multipath Measurements
Multipath MIMO channel impulse response (including FAP and multi-path components) measurements can be beneficial for NR positioning performance using timing and AoD/AoA information of multi-path components. The part of multi-path components can be viewed as a first order reflected signals coming from virtual (mirror) source(s) – see Figure 2. If coordinates of actual and virtual reference sources are known, the timing measurements of multipath components can be used for positioning of target UE. In this scenario, angular information of multi-path components can be used to detect reflection points and estimate their coordinates.


[bookmark: _Ref533417949]Figure 2: Positioning through reflection points, i.e. virtual (mirror) reference sources
The utilization of multi-path channel components can be especially beneficial in mmWave bands, where high resolution of multi-path components in time and space can be achieved. Although this approach looks promising, multiple technical issues need to be resolved, for its practical implementation [7]:
Accurate estimation of UE antenna orientation;
Identification of reflection points (virtual mirror sources);
Mechanisms to distinguish the first order from the n-th order reflectors;
Association of the reflectors with the timing and angular information of multi-path components.
Finally, we would like to point out that agreed by RAN1 WG baseline NR channel models are not applicable for evaluation of multi-path channel components and thus it is difficult to justify benefits of using multi-path components. In addition, we believe that multipath based channel measurements can be enabled by implementation if received signal waveform is supported, which seems to be a more general approach for NR positioning. 
Based on discussion above we do not see benefit in additional measurements of signal location parameters of multipath components at UE side (if needed it can be supported through received signal waveform report) while at the gNB side it can be enabled by implementation using UL signal and there may be no need for additional work in RAN1.


In order to exploit measurements of signal location parameters from multi-path channel components, multiple technical challenges need to be addressed
Measurement of multi-path components and signal location parameters can be done in UL or using received signal waveform report from UE

SFN Transmissions for Positioning
The single frequency network (SFN) transmission of DL PRS was suggested in [8]. Although the technique is called SFN, the TRPs are supposed to be distinguished through the use of different cyclic shifts (i.e. it is not a pure SFN signal). The potential benefit of this technique is the reduced number of spectrum resources needed as well as reduced UE implementation complexity given that single FFT/cross-correlation operation can be used to perform measurements for multiple TRPs.
The potential drawback of this solution is the increased near-far and in-channel selectivity problem given that increased number of TRPs are expected to transmit in a one symbol. Another dis-advantage is that UE search window is reduced dramatically that may not be suitable for deployments with large ISD resulting in overlapped CIRs if propagation delay difference is sufficiently large.
The proposed technique can be combined with the UE received signal waveform reporting and may facilitate reduced feedback size given that the number of recorded symbols can be reduced.

Techniques to Lower UE Complexity for OTDOA
Transmission of common PRS sequence from multiple TRPs and subsequent adjustment of search window based on coarse timing of common PRS sequence was proposed in [9]. In general, we agree that UE complexity should be carefully analyzed and considered as a part of NR positioning solutions. At the same time, we are not sure that two stage PRS transmission is a right design principle. In our view, UE may be able to derive coarse search windows based on SSB processing, the additional assistance information can be provided by network to properly set search windows for subsequent PRS reception. At the same time we do not want to preclude possibility of UE reporting of DL measurements to facilitate on-demand DL positioning support.
The most simple in terms of UE complexity techniques is to directly report the recorded received signals at the predefined time instances and thus it should be considered as a viable alternative.

Candidate Techniques for NR DL Positioning
The following candidate techniques were agreed to be supported by RAN1 WG for NR DL positioning:
	Agreement from RAN1 AdHoc-1901:
On NR DL positioning techniques
NR should support timing (DL-TDOA) based DL-only positioning techniques in FR1 and FR2
NR should support angle (DL-AoD) based DL-only positioning techniques with at least beam sweeping at least at the gNB in FR1 and FR2
· Note: This does not necessarily need different reference signals from the timing based DL-only positioning techniques


In our view, agreement made by RAN1 WG is sufficient for NR DL positioning. Other techniques can be further discussed if feasibility and significant performance benefits are shown. In addition, other techniques may be enabled by implementation if reporting of the received signal waveform is supported by UE.

Proposal 3: 
Do not standardize UE measurements to facilitate support of additional NR DL positioning techniques
Other NR DL positioning techniques can be supported by implementation (e.g. by processing received signal waveform if it is introduced)

DL Positioning Framework
Candidate Reference Signals
The following candidate reference signals were identified for further study on NR DL positioning:
	RAN1#95 Agreement:
The following candidate reference signals were identified for DL positioning evaluation and are to be further studied
· NR CSI-RS (including TRS configuration)
· NR Synchronization Signals (SSBs)
· New DL positioning reference signals (DL PRS)

RAN1 AdHoc-1901 Agreements:
Enhancements to performance obtainable based on existing NR DL reference signals (e.g., based on extensions to current reference signals or with new reference signals) are necessary to meet accuracy requirements at least in some scenarios


In our contribution to the previous meeting [10], we have analyzed candidate reference signals. The summary of this analysis is provided in section below.
Summary on Candidate Reference Signals for NR Positioning
None of the R15 NR reference signals such as SSB or various CSI-RS configurations (CSI, BM, TRS) are optimized for positioning and cannot be completely reused due to various reasons (link budget, antenna port considerations, density, TX & RX beam sweeping support) that may lead to degraded NR Positioning performance. In addition, we would like to point out that CSI-RS definition and functionality is already quite overloaded in specification. Therefore for NR Positioning, we initially considered to either introduce modified CSI-RS configuration specific for positioning or new NR PRS signal. Considering that at the previous meeting RAN1 WG made the following agreement “Enhancements to performance obtainable based on existing NR DL reference signals (e.g., based on extensions to current reference signals or with new reference signals) are necessary to meet accuracy requirements at least in some scenarios” we suggest to make an additional agreement that new NR DL PRS signals are to be introduced for NR positioning. Note that it does not mean that existing reference signals frameworks cannot be reused to define new NR DL PRS signals.

Proposal 4: 
New DL positioning reference signals are defined/supported for NR positioning

NR PRS Design Aspects
The following agreement was made with respect to NR DL PRS design at the previous RAN1 WG meeting. In the next subsections, we discuss FFS aspects in details.
	RAN1 AdHoc-1901 Agreements:
On NR DL positioning reference signals 
NR DL PRS design for FR1 and FR2 supports:
· Configurable NR DL PRS signal bandwidth
· FFS granularity of configuration, relationship with BWPs, whether the configuration is cell and/or UE specific
· Configurable NR DL PRS signal numerology (SCS)
· FFS configurability of CP for NR DL PRS
· Configurable NR DL PRS frequency and time allocation
· Use of DL beam sweeping / alignment
· i.e. beam alignment of gNB DL PRS transmission and UE reception of DL PRS
· 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
· FFS interference randomization techniques across PRS signals
· FFS shared in time/frequency NR DL PRS resources with other transmissions including data/control
· FFS which physical channel/signals can share resources with NR DL PRS
· FFS interference randomization techniques for PRS transmission with other signals




Bandwidth
NR DL PRS resources should be configured independently of UE specific NR DL BWP(s). By configuration, NR DL PRS resources can be allocated within, outside or overlap with DL BWP(s). If it is deemed necessary the dedicated DL BWP can be introduced specifically for NR DL PRS transmission, without imposing any constraints on NR DL PRS allocation in terms of time / frequency resources.
Regarding whether the configuration of NR DL PRS is cell and/or UE specific, we believe this question can be addressed by RAN2 WG. In general, our understanding is that LPP signaling is UE specific, however it does not mean that NR DL PRS configuration cannot be identical within the whole cell or across multiple cells or network. In addition, signaling enhancements can be further considered if support of RRC-IDLE / RRC-INACTIVE UEs is agreed.
Considering that NR DL PRS can be configured independently of NR DL BWPs, the PRB level granularity can be used for NR DL PRS bandwidth. 
Proposal 5: 
Further study several alternatives for NR DL PRS relationship with DL BWPs
Alt.1: NR DL PRS resources are configured independently of NR DL BWPs used for communication
For configuration of NR DL PRS, PRB level granularity is supported 
	By configuration, NR DL PRS 
may be confined within NR DL BWP
may overlap with NR DL BWP 
may be allocated outside of the NR DL BWP 
Alt.2: Dedicated DL BWP is introduced specifically for NR DL PRS transmission. NR DL PRS signals are always confined within this BWP
Alt.3: It is assumed that one of the configured DL BWPs is aligned with NR DL PRS configuration parameters
Alt.4: UE processes DL PRS signals within active DL BWP 
NR DL PRS configuration signaling details (e.g. UE-specific or cell-specific) are defined by RAN2 WG

Numerology
It was agreed to have configurable SCS for NR DL PRS, while configurability of CP was left FFS. One example where this configurability may be needed is support of wide system BW such as 100MHz that can operate with either 30 kHz or 60 kHz SCS in FR1. In our view, the 60 kHz w/ Normal CP may not be sufficient for NR DL PRS considering reception from multiple cells and Normal CP length of 700m (2.34us)  and 350m (1.17us) for 30 kHz and 60 kHz SCS respectively. Therefore it should be possible to configure Extended CP for NR DL PRS transmission at least for 60kHz SCS.

Proposal 6: 
CP length for dedicated NR DL PRS resources is configurable at least for 60kHz SCS
FFS 30kHz SCS

Time / Frequency Allocation
As we discussed in our contribution [10], in order to reduce UE power consumption, the DL PRS transmissions from different transmission points on a given carrier should be localized in a short time interval and periodically repeated. In order to support, localized in time transmissions, the concept of PRS transmission pool can be introduced, so that the set of time and frequency resources for PRS transmission across multiple cells/gNBs/TRPs is allocated. This pool of resources can be allocated periodically or on demand (semi-persistent/aperiodic). Instead of pool terminology, the PRS Resource Set can be applied similar to CSI-RS Resource Set configuration.

Proposal 7: 
NR defines DL PRS Resource Set as a set of DL PRS Resources
DL PRS Resource Set can be periodically allocated with a predefined period, slot pattern and offset in slots with respect to SFN0

DL Beam Sweeping / Alignment
DL beam sweeping
DL beam sweeping should be supported at least for DL AoD positioning technique. It can be also used for DL-TDOA. DL beam sweeping can be supported by configuration of multiple DL PRS Resources with different resource IDs. The QCL indication may be needed to indicate beams (DL PRS resources) utilized by the same TRP.
DL beam alignment
Transmission of NR DL PRS signals should also allow DL RX beam training. In order to support RX beam training, either multiple symbols of the DL PRS resource or multiple DL PRS resources with the same TX beam can be configured.

It should be noted that DL beam alignment may be challenging in multi-cell / multi-user environment. In order to exploit beam alignment, UE may need to process multiple consecutive instances of DL PRS Resource Sets. Further study is needed on complexity and the level of optimizations for DL beam alignment.
Periodic and/or On-demand Resource Allocation
The flexibility of time/frequency resource allocation for NR DL PRS can be ensured through proper configuration of NR DL PRS Resources within NR DL PRS Resource Set that can be configured as periodic or on-demand (i.e. semi-persistent or aperiodic).

Dedicated NR DL PRS Resources
Support of dedicated NR DL PRS Resources was agreed by RAN1. Transmission on dedicated NR DL PRS Resources should support DL TX beam sweeping and actual DL PRS transmission (i.e. on/off) on allocated DL PRS Resource. This functionality is important to enable accurate measurement of signal location parameters for as many TRPs as possible in interference limited scenarios.
In practice, we can foresee two types of deployment scenarios: 1) enhanced positioning area and 2) basic deployments (non-optimized from positioning perspective). In enhanced positioning areas, proper amount of spectrum resources as well as optimized PRS transmission schedule can be configured to UEs. In basic deployments, the randomized transmission on DL PRS Resource should be supported to improve positioning performance. Therefore in terms of PRS transmission at least two modes of operation should be supported by NR.

Proposal 8: 
Two modes of DL PRS transmission are supported by NR
PRS Transmission Mode 1 based on Predefined PRS Transmission Schedule (PTM1)
PRS transmission pattern on a given PRS Resource is signalled to UE (i.e. pre-configured)
PRS Transmission Mode 2 based on Pseudo-random PRS Transmission Schedule (PTM2)
PRS transmission on a given PRS Resource is controlled probabilistically (i.e. according to (pre-) configured probability of PRS transmission PPRS_TX)
Selection of DL TX beam on a given PRS resource is also randomized

For PTM2, we assume that UE can derive PRS transmission schedule on PRS Resources, so that there is no need to blindly detect PRS transmission or measure signal location parameters, if there is no actual PRS transmission. The support of PTM2 is beneficial from interference randomization perspective in basic deployment scenarios, while PTM1 can be applied for deployments targeting enhanced positioning areas.

Shared NR DL PRS Resources
Allocation of shared NR DL PRS resources is currently one of the open items under discussion in RAN WG1. The sharing of NR DL PRS resources with any other DL transmissions will degrade positioning performance and thus should be avoided as much as possible. In order to guarantee QoS, e.g. for DL URLLC services, transmission on DL PRS resources may be unavoidable. If this happens UEs should be informed about such situations and potential preemption of NR DL PRS transmissions by other NR DL transmissions should be indicated to UEs interested in positioning or location server. The multiplexing with other NR signals such as SSB, PDCCH, PDSCH, PBCH, CSI-RS, should be avoided as much as possible.

NR DL PRS Resource

	Agreements from RAN1 AdHoc-1901:
On NR DL PRS resource
NR DL PRS resource is defined as a set of resource elements used for NR DL PRS transmission that can span multiple PRBs within N (1 or more) consecutive symbol(s) within a slot, where N is FFS.
· In any OFDM symbol, PRS resource occupies consecutive PRBs
· FFS if multiple symbols can be non-consecutive
· FFS on PRS Resource Set
A PRS resource should have a PRS resource ID and a PRS sequence should have a PRS sequence ID
FFS: whether support of PRS frequency hopping is needed
For NR DL PRS resource design:
· One antenna port is supported
· FFS: configurable number of antenna ports (more than one) in addition to support of a single port



PRS Resource
If PRS resource set is introduced, it can support multiple PRS resources, each associated with unique ID identifying specific transmission point or beam. The individual PRS resource may be described by the following parameters:
Time Allocation:
· Configurable number of consecutive symbols per single PRS resource (e.g. NPRS_SYMB = 1, 2,… 8,)
· Start symbol within slot (e.g. lPRS_START_SYMB = 1, 2,… 14)
· Start slot nPRS and period of PRS resource transmission TPRS
Frequency Allocation:
· Configurable number of REs within symbols 1, 2, 4, 6 within PRB
· Frequency shift
· Resource element position(s) inside PRB for each symbol of PRS resource
Number of ports:
· Number of antenna ports per PRS resource: 1 or 2
PRS Resource ID
· In order to identify allocated PRS resource in terms of transmission, measurements and reporting
The PRS resource can be repeated multiple times (e.g. at N PRS occasions) to enable DL TX beam sweeping functionality. In addition, it can be configurable and indicated whether TX beam sweeping is enabled across PRS resource occasions (within a pool or across multiple resource pool instances). Therefore each PRS resource can be additional characterized by:
Number of repeated PRS resource occasions:
· Number of consecutive repetitions of PRS resources: 1, 2,…,8,…
TX Beam Sweeping Indication
· Indicates whether UE can assume that DL TX beam sweeping is on/off. If it is “on” UE assumes that each PRS occasion can be transmitted using different antenna ports or spatial antenna filters. Otherwise, if it is “off” UE can assume that transmissions across PRS occasions use the same spatial filter/antenna port.

Under above assumptions the RX beam sweeping for given TX beam (if supported by UE) can be implemented across symbols of each PRS occasions (see Figure 3).



[bookmark: _Ref534751103]Figure 3: DL PRS Occasions and TX Beam Sweeping

Proposal 9: 
NR PRS Resource allocation/configuration supports DL TX beamforming and beam-sweeping as well as possibility of DL RX beamforming by UE
NR PRS Resource supports PRS transmission from one or two TX ports
NR PRS Resource supports configurable number of consecutive OFDM symbols, representing single PRS Resource occasion
NR PRS DL TX beam-sweeping is supported and can be enabled or disabled across different PRS Resource Occasions

UE Measurements and Reporting

	On NR DL UE measurements
NR supports RSTD measurements for NR DL PRS
· FFS: RSTD b/w different configured PRS resources, beams, TRPs, cells, etc.
NR supports RSRP measurement for NR DL PRS
FFS if NR supports RSTD measurement quality metric for NR DL PRS
FFS other measurements



UE SSB Processing for NR DL Positioning
For DL positioning, UE can perform measurements based on NR SSB transmissions as well as NR PRS transmissions. The measurement over SSB can be used for use cases that do not require accurate positioning capabilities and thus simplified techniques based on existing signalling can be reused. In particular, for NR DL positioning techniques, utilizing SSB processing, the following information can be measured and reported by UE:
Cell ID
SSB index and SS-RSRP

It needs to be further discussed whether additional measurements should be defined for SSB and in which scenarios.

Positioning Assistance Information
For NR DL positioning, it is essential to provide UE with the proper set of assistance information to conduct measurements not only for serving cell but also for neighbouring cells. We assume that positioning protocols will provide UE with all required assistance information to improve / simplify measurements of DL signal location parameters. The assistance information and necessary scheduling details can be discussed and defined at WI stage.

TBS Support
Terrestrial Beacon System (TBS) is one of the attractive methods for user positioning where dedicated carrier or at least set of spectrum resources are allocated solely for the purpose of positioning measurements. A network of ground-based transmitters (TBS) broadcasting signals for geo-spatial positioning with wide-area or regional coverage may utilize NR PRS-signals for NR positioning, especially DL positioning methods.

Proposal 10: 
· Consider support of TBS or dedicated carriers for NR DL positioning by introducing NR PRS signals for estimation of signal location parameters by UE

NR DL Performance Analysis
In this section, we provide DL TDOA based performance results for NR positioning in FR1 and FR2. Additional system level analysis of NR DL Positioning performance is provided in our companion contribution [5].
Performance Analysis in FR1
In this section, we evaluate three agreed evaluation scenarios: Open Office/UMi/UMa and focus on several PRS design aspects including:
Reuse factor for PRS transmission
Link budget of PRS transmissions
Received signal waveform reporting and super-resolution algorithms
PRS physical structure
TX/RX beam sweeping
Reuse Factor of PRS
In order to assess the required reuse factor for PRS transmission, we have analyzed DL-TDOA performance in UMi and UMa scenarios (see Figure 4) using TRS physical structure for two reuse factors: R = 12 and R = infinity (please refer to Annex A).
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[bookmark: _Ref534119148]Figure 4: On Reuse Factor for PRS Transmission in FR1

 
Reuse factor of 12 (R = 12) still does not reach the maximum DL NR Positioning performance achieved when only one station transmits at a time (R = inf)
Reuse factor > 12 is needed to improve DL NR Positioning performance

Link Budget
In order to analyze benefits from the increased link budget of CSI-RS for DL NR Positioning, we have compared performance of single port CSI-RS transmission in one OFDM symbol vs CSI-RS signal transmitted in eight consecutive symbols (see Figure 5). In both cases, it was assumed that all stations transmit on different time instances, i.e. R = infinity.
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[bookmark: _Ref534119238]Figure 5: On CSI-RS Link Budget in FR1 (UMa Scenario)


Additional link budget is needed to more accurately estimate signal location parameters from neighboring cells and improve NR DL positioning performance
NR PRS signal configuration should enable transmission of multiple consecutive symbols (e.g. N ≥ 8) per slot to reach link budget characteristics similar or better than LTE

Received Signal Waveform Reporting
In this section, we show benefits of the received signal waveform reporting to facilitate accurate DL NR positioning through super-resolution algorithms (see Figure 6). Results in this section are provided for 5MHz and 100MHz signal bandwidth in Scenario 1 (Indoor Open Office). The one symbol PRS physical structure with all REs occupied was used for analysis. Evaluation results are provided for two cases. In Case 1, the first arrival path (FAP) timing estimation is done at UE side using practical channel estimation algorithm. In Case 2, it is assumed that UE reported received signal waveforms to gNB/network, where sophisticated super-resolution algorithm for timing estimation are applied to estimate FAP timing. 
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[bookmark: _Ref534119347]Figure 6: Received Signal Waveform Reporting and Super-resolution Algorithms

The system level evaluation results which are shown in Figure 6 clearly demonstrate that reporting of the received signal waveform can significantly boost NR positioning performance in considered scenario.

 
Super-resolution algorithms provide more accurate estimation of signal location parameters and overall positioning performance
Received signal waveform reporting can enable super-resolution algorithms for estimation of signal location parameters

Comparison of PRS Structures
Finally, we compare TRS, CSI-RS and PRS signal structure (see details in Annex A). Considering that for TRS and CSI-RS only 3 and 1 out of 12 REs are used for transmission within PRB respectively, we additionally model in-band emission (IBE) interference which is assumed to be -30dB with respect to RE power and compare performance w/o in-band emissions modelled (see Figure 7). The time frequency reuse factor equal to 12 was used for analysis which corresponds to 12, 3 and 1 OFDM symbols for PRS, TRS, CSI-RS signal structures respectively.
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[bookmark: _Ref534752266]Figure 7: Analysis of Physical Structure Candidates for NR PRS w/ and w/o IBE


In-band emissions negatively affect NR DL positioning performance although the impact in considered UMi scenario is not significant
In-band emissions have larger impact on signal structures with higher frequency reuse factor and lower time reuse factor
CSI-RS with higher frequency reuse factor R = 12 (RF = 12, RT = 1) suffer more than TRS with frequency reuse factor R = 12 (RF = 4, RT = 3)
In noise-limited scenarios (R = inf), ‘comb’ physical structures of reference signals provide minor performance advantage, since the noise on non-allocated REs can be filtered out
In interference-limited scenarios (R = 12), ‘non-comb’ physical structure of reference signals has an advantage over ‘comb’ due to larger processing gain

Performance Analysis in FR2
We assume that all PRSs are transmitted on orthogonal resources and there is no inter-cell interference. For analysis in this section, one symbol was used for PRS transmission with a single TX port. The Scenario 2 (UMi Street Canyon) was used for analysis.

TX / RX Beam Sweeping
One of the key considerations for NR DL Positioning is the support of the TX and RX beamforming/sweeping which is essential for operation in FR2. In this section, we analyze different options of DL TX and RX beamforming in UMi scenario and its impact on D-TDOA performance. For fair comparison of all options, the overall radiated energy is assumed to be the same which is equally divided over 64 OFDM symbols (see Annex A):
DL TX/RX Beamforming - Evaluation Options in FR2
· Quasi-Omni TX, Quasi-Omni RX
· 64 OFDM symbols, coherent channel combining at UE side
· Fixed TX, Fixed RX
· 64 OFDM symbols, where TX and RX beams are randomly selected and do not switch across symbols, coherent channel combining at UE side
· Fixed TX and Quasi-Omni RX
· 64 OFDM symbols, where TX beams are randomly selected and do not switch across symbols, coherent channel combining at UE side
· Quasi-Omni TX and Fixed RX
· 64 OFDM symbols, where TX beams are randomly selected and do not switch across symbols, coherent channel combining at UE side
· Genie Aided TX and Genie Aided RX
· 64 OFDM symbols, where TX and RX beams are steered towards LOS direction and do not switch across symbols, coherent channel combining at UE side
· Genie Aided TX and Quasi-Omni RX
· 64 OFDM symbols, where TX beam is steered towards LOS direction and does not switch across symbols, coherent channel combining at UE side, RX applies Quasi-Omni pattern
· Quasi-Omni TX and Genie Aided RX
· 64 OFDM symbols, where RX beam is steered towards LOS direction and does not switch across symbols, coherent channel combining at UE side, TX applies Quasi-Omni pattern
· TX Sweep and RX Sweep
· 64 OFDM symbols, (16 TX x 4 RX, Full Search), Independent timing estimation per TX-RX beam pair
· TX Sweep and Quasi-Omni RX
· 64 OFDM symbols, where 16 TX beams are switched every 4 symbols, coherent channel combining at UE side is applied per TX beam
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Figure 8: Impact of TX/RX Beamforming/Sweeping on D-TDOA Positioning Performance


In considered UMi scenario,
Genie-aided settings of TX and RX beamforming towards LOS direction provide the best performance
DL gNB TX beamforming is more essential than UE RX beamforming for positioning performance
TX and RX beam sweeping provides improved performance over Quasi-Omni TX and RX at gNB and UE sides respectively 
RX beam sweeping can be replaced with the Quasi-Omni RX without significant degradation

Reuse Factor of PRS
In FR2, channel attenuation and hearability problem are much more severe. In order to address these issues directional transmission with narrow TX/RX beams can be used. The spatial directivity as well as channel attenuation characteristics can relax requirements on the necessary reuse factor for PRS transmission comparing to FR1. Figure 9 provides analysis of D-TDOA positioning performance for two cases: time-frequency reuse factor R = 6 and R = inf (i.e. there is no PRS interference). It can be seen that performance difference between these two evaluation scenarios is not high in FR2. Note that in case of FR1, the time-frequency reuse factor R = 12 was considered not sufficient.
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[bookmark: _Ref534494289]Figure 9: On Reuse Factor for PRS Transmission in FR2


Requirements on time-frequency reuse factor for DL PRS transmission in FR2 can be relaxed comparing to FR1, due to more aggressive spatial reuse and hearability issues in FR2.



 Conclusions
In this contribution, we provided initial views on NR DL positioning techniques and design enhancements. We observe that NR technology has multiple technical components beneficial for positioning performance. Our performance evaluation results confirm that very accurate NR DL positioning performance can be achieved under assumption of perfect synchronization.
In summary, we have following proposals:

Proposal 1: 
NR Positioning supports reporting of the received signal waveform(s) for accurate estimation of signal location parameters at NW side
RAN1 is to further study and define mechanisms to support reporting of received signal waveform(s) at WI stage
Proposal 2: 
NR supports UE based positioning
If UE-based positioning is agreed, proper considerations should be given to improve NW-based positioning capabilities as well
As a mechanism to improve NW based positioning performance, the received signal waveform report should be considered as a primary enhancement
For UE positioning based on DL only solutions, additional signaling on NW/gNB synchronization accuracy/offset should be defined
UE based positioning is supported for RRC-IDLE/INACTIVE/CONNECTED UEs
Proposal 3: 
Do not standardize UE measurements to facilitate support of additional NR DL positioning techniques
Other NR DL positioning techniques can be supported by implementation (e.g. by processing received signal waveform if it is introduced)
Proposal 4: 
New DL positioning reference signals are defined/supported for NR positioning
Proposal 5: 
Further study several alternatives for NR DL PRS relationship with DL BWPs
Alt.1: NR DL PRS resources are configured independently of NR DL BWPs used for communication
For configuration of NR DL PRS, PRB level granularity is supported 
	By configuration, NR DL PRS 
may be confined within NR DL BWP
may overlap with NR DL BWP 
may be allocated outside of the NR DL BWP 
Alt.2: Dedicated DL BWP is introduced specifically for NR DL PRS transmission. NR DL PRS signals are always confined within this BWP
Alt.3: It is assumed that one of the configured DL BWPs is aligned with NR DL PRS configuration parameters
Alt.4: UE processes DL PRS signals within active DL BWP 
NR DL PRS configuration signaling details (e.g. UE-specific or cell-specific) are defined by RAN2 WG
Proposal 6: 
CP length for dedicated NR DL PRS resources is configurable at least for 60kHz SCS
FFS 30kHz SCS
Proposal 7: 
NR defines DL PRS Resource Set as a set of DL PRS Resources
DL PRS Resource Set can be periodically allocated with a predefined period, slot pattern and offset in slots with respect to SFN0
Proposal 8: 
Two modes of DL PRS transmission are supported by NR
PRS Transmission Mode 1 based on Predefined PRS Transmission Schedule (PTM1)
PRS transmission pattern on a given PRS Resource is signalled to UE (i.e. pre-configured)
PRS Transmission Mode 2 based on Pseudo-random PRS Transmission Schedule (PTM2)
PRS transmission on a given PRS Resource is controlled probabilistically (i.e. according to (pre-) configured probability of PRS transmission PPRS_TX)
Selection of DL TX beam on a given PRS resource is also randomized
Proposal 9: 
NR PRS Resource allocation/configuration supports DL TX beamforming and beam-sweeping as well as possibility of DL RX beamforming by UE
NR PRS Resource supports PRS transmission from one or two TX ports
NR PRS Resource supports configurable number of consecutive OFDM symbols, representing single PRS Resource occasion
NR PRS DL TX beam-sweeping is supported and can be enabled or disabled across different PRS Resource Occasions
Proposal 10: 
· Consider support of TBS or dedicated carriers for NR DL positioning by introducing NR PRS signals for estimation of signal location parameters by UE
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Annex A – Evaluation Assumptions
In this section, we provide additional description of the evaluation assumptions for NR DL positioning studies that were conducted according to the agreed evaluation methodology for NR Positioning under perfect network synchronization assumptions.
Table 1: NR DL Positioning Evaluation Assumptions
	Parameters
	FR1/FR2 specific values

	Signal bandwidth
	System bandwidth, according to NR positioning evaluation methodology
FR1: 5 and 100 MHz 
FR2: 100 MHz

	PRS Signals 
	Evaluated candidate physical structures for PRS transmission

	CSI-RS Physical Structure
	Single port
Density (number of occupied subcarriers per symbol): 1
· Reuse 1 (R = 1): One RE out of 12 REs, vShift = 0
· Reuse 12 (R = 12): One RE out of 12 REs
· Random frequency shift = 0, …, 11
RE Boosting = 10log10(12) = 10.8dB
IBE = -30dB

	TRS Physical Structure
	Single port
Density (number of occupied subcarriers per symbol): 3
· Reuse 1 (R = 1): 3 out of 12 REs per symbol/PRB
· Reuse 12 (R = 12): 3 out of 12 REs per symbol/PRB
· Random frequency shift =  0, 1, 2, 3
· Random time shift = 0, 1, 2
RE Boosting = 10log10(4) = 6dB
IBE = -30dB

	PRS Physical Structure (Example)
	Single port
Density (number of occupied subcarriers per symbol): 12
· Reuse 1 (R = 1): 12 REs out of 12 REs are used for TX
· Reuse 12 (R = 12): 12 REs out of 12 REs, 
· Random time shift = 0,1, 2,...,11
Boosting = 0dB
IBE – Not applicable

	TX/RX Settings 
	TX/RX Beamforming Assumptions in FR1 and FR2

	FR1
	FR1:
· All physical structures were used for analysis: PRS, TRS, CSI-RS
· Evaluation Scenarios: Open Office/UMa/UMi
· No TX beam sweeping
· TX: Single TX Port, Quasi-Omni Pattern
· RX: Two X-pol RX Ports, Quasi-Omni Pattern

	 FR2
	FR2:
· PRS structure w/ all REs used for transmission
· 64 symbols 
· 16 TX analogue pre-coder states (four OFDM symbols per TX beam) 
· 4 RX analogue pre-coder  states (switching within TX beam)
· 4 RX BB chains with independent processing per port (2 panels & X-pol)
· Evaluation Scenario: Scenario 2 – Umi

DL TX/RX Beamforming - Evaluation Options in FR2
· Quasi-Omni TX, Quasi-Omni RX
· 64 OFDM symbols, coherent channel combining at UE side
· Fixed TX, Fixed RX
· 64 OFDM symbols, where TX and RX beams are randomly selected and do not switch across symbols, coherent channel combining at UE side
· Fixed TX and Quasi-Omni RX
· 64 OFDM symbols, where TX beams are randomly selected and do not switch across symbols, coherent channel combining at UE side
· Quasi-Omni TX and Fixed RX
· 64 OFDM symbols, where TX beams are randomly selected and do not switch across symbols, coherent channel combining at UE side
· Genie Aided TX and Genie Aided RX
· 64 OFDM symbols, where TX and RX beams are steered towards LOS direction and do not switch across symbols, coherent channel combining at UE side
· Genie Aided TX and Quasi-Omni RX
· 64 OFDM symbols, where TX beam is steered towards LOS direction and does not switch across symbols, coherent channel combining at UE side, RX applies Quasi-Omni pattern
· Quasi-Omni TX and Genie Aided RX
· 64 OFDM symbols, where RX beam is steered towards LOS direction and does not switch across symbols, coherent channel combining at UE side, TX applies Quasi-Omni pattern
· TX Sweep and RX Sweep
· 64 OFDM symbols, (16 TX x 4 RX, Full Search), Independent timing estimation per TX-RX beam pair
· TX Sweep and Quasi-Omni RX
· 64 OFDM symbols, where 16 TX beams are switched every 4 symbols, coherent channel combining at UE side is applied per TX beam


	BS beam forming
	UMa/UMi gNBs:
· FR1 – 8 beams: [-52.2 : ... : 52.5], beam width 15o
· FR2 – 16 TX analogue beams: [-56.25 : … : 56.25], beam width 7.5o, DFT vectors to scan in horizontal plane
Indoor gNBs:
· FR1 – 1 beam
· FR2 – 8 TX analogue beams: [-52.2 : … : 52.5], beam width 15o, DFT vectors to scan in horizontal plane

	RX Processing
	

	Measurement selection procedure
	Earliest timing measured across TX-RX beam pairs for given link

	First Arrival Path (FAP) Timing Estimation
	Alg.1 – FAP timing estimation based on adaptive threshold for CIR processing
Alg.2 – Super-resolution FAP timing estimation algorithm (MUSIC)
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