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Introduction
At the RAN#81 WG meeting, the final version of study item on NR Positioning was approved [1]. One of the study item objectives is to evaluate potential solutions for NR Positioning [1].
	Objective:
Study and evaluate potential solutions of positioning technologies based on the above identified requirements, evaluation scenarios/methodologies [RAN1]
· The solutions should include at least NR-based RAT dependent positioning to operate in both FR1 and FR2 whereas other positioning technologies are not precluded.
· Minimum bandwidth target (e.g. 5MHz) of NR with scalability is supported towards general extension for any applications.


During the previous RAN1 WG meetings, the following agreements were made by RAN1 WG with respect to RAT-dependent solutions.
	RAN1#94bis Agreement:
The RAT dependent solutions considered for study include
· Downlink based solutions
· Downlink and uplink based solutions
· Uplink based solutions


In this contribution, we focus on techniques for NR DL based positioning solutions, while our views on other NR Positioning aspects are provided in companion contributions [4]-[7].
Sources of Information on Signal Location Parameters
In our previous contribution [3], we have discussed three sources of information on signal location parameters for RAT-dependent positioning:
Received Signal Waveform (Raw data)
· Contains full information about all signal location parameters based timing, angles, phase, power, etc.
First Arrival Path of Channel Impulse Response (Post-processing data)
· Contains information about distance (timing) and LOS direction (angles) b/w transmitter and receiver. Under certain conditions can be used to estimate antenna orientation
Multipath Components of Channel Impulse Response (Post-processing enriched data)
· Carry additional information about reflectors that under certain conditions can be used to improve positioning performance
In the next sub-sections, we discuss in further details how each source of location information can be used for RAT-dependent positioning methods including DL, UL, DL & UL positioning.
Received Signal Waveform
The estimation of signal location parameter heavily depends on UE implementation. In order to preserve full data for estimation of signal location parameters, UE can directly record received PRS waveforms and report them back to the network for further processing (see Figure 1). For reporting of received waveform, UE may even not know the transmitted sequence and transmission sources and therefore this method can be also beneficial to prevent tampering and spoofing (e.g. validate signals observed by UE) in NR positioning systems. Another major advantage of the received waveform reporting is the possibility to run advanced super-resolution algorithms for accurate estimation of signal location parameters and positioning. This can be especially beneficial if operator does not own large amount of spectrum or UE does not support processing at the maximum system bandwidth.


Reporting of the received waveforms preserves full information about all signal location parameters
Cloud/network based processing of the received waveforms can apply advanced super-resolution algorithms to significantly improve estimation accuracy of signal location parameters and positioning
Reporting of the received waveforms has low complexity for UE implementation



[bookmark: _Ref525383298]Figure 1: Reporting of received signal waveform for NR DL positioning

First Arrival Path of Channel Impulse Response
Timing information of the first arrival path (FAP) is a primary information in many positioning techniques: E-CID, OTDOA and UTDOA (it enables estimate of distance between TX and RX). In NR technology, the FAP timing information can be augmented by additional angle measurements (e.g. AoD and AoA) or power of the FAP (absolute or relative). The angular information can be beneficial to improve positioning performance especially in case of small amount of reference stations or large timing estimation/synchronization errors.
Estimation of AoD and AoA at the UE side is dependent on UE antenna system configuration. In order to extract benefits from AoA estimation, orientation of antenna system in global coordinate system should be known. This information may not be available at UE side. Antenna system configuration and orientation in space can be known at gNB side. Therefore, AoA measurements at gNB can improve NR positioning performance. If gNB applies TX beam sweeping, the coarse information on AoD can be extracted from TX beam(s) power measurements made by UE using predefined criteria (e.g. max RX power of the FAP component, max of total RX power, etc.) and taking into account possibility of UE receive beam-sweeping.


FAP measurements are used by LTE OTDOA, UTDOA and E-CID positioning methods and should be supported by NR positioning system
FAP timing information can be further enriched by angular information

Channel Impulse Response Information
Multipath MIMO channel impulse response (including FAP and multi-path components) measurements can be used to improve 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) reference source(s) – see Figure 2. If coordinates of actual reference source and first order reflectors 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 [2]:
Accurate estimation of UE antenna orientation information;
Identification of reflection points and mirror sources;
Mechanisms to distinguish the first order from the n-th order reflectors;
Association of the reflection points (mirror sources) with the timing and angular information measurements;
etc.
Some of the above issues can be addressed if additional information is available, e.g. map of reflection points is known jointly with the information on UE antenna orientation, etc.
Finally, we would like to note that baseline NR channel models do not allow to evaluate benefits of using multi-path channel components and thus it is difficult to justify benefits of using multi-path components.


In order to exploit measurements of signal location parameters from multi-path channel components, several technical challenges need to be addressed

Summary on Sources of Location Information
In sub-sections above, we discussed three types of location information sources:
Received signal waveform
FAP of channel impulse response (i.e. timing, angular information or MIMO channel of the first arrival path)
Channel impulse response (i.e. first arrival path and multi-path MIMO channel impulse response components)
Based on analysis, we think that all three types of sources of signal location information can be considered for NR positioning. At least, received signal waveform reporting and FAP measurements should be enabled. The benefits of using multi-path components for NR positioning require more studies including the type of measurements to be performed and channel modeling considerations.

Proposal 1: 
NR Positioning supports reporting of the received signal waveform(s) for estimation of signal location parameters at NW side
Further study mechanisms to support reporting of received signal waveform(s)
NR Positioning supports measurements of the first arrival path signal location parameters
RAN1 to further study benefits of utilizing multi-path channel impulse response components for NR positioning (e.g. timing or angular information derived from multipath components, etc.)

Candidate Techniques for DL Positioning
The following candidate techniques were identified by RAN1 WG for study of NR DL positioning:
	RAN1#95 Agreement:
The following candidate techniques are considered for study of DL positioning:
· Timing based techniques
· Timing of arrival path(s)
· Phase difference based techniques
· Note: feasibility needs to be further assessed
· Angle-based techniques
· Downlink angle(s) of departure
· Downlink angle(s) of arrival
· Carrier-phase based techniques
· Note: feasibility needs to be further assessed
· Received reference signal power based techniques
· Cell ID and TRP related information (e.g. RS resource and/or resource set ID)


In the next sub-sections, we discuss NR DL positioning techniques in more details.
Timing Based Techniques
Timing of Arrival Path(s)
Timing estimation of channel impulse response components (i.e. the timing of the first arrival path (FAP) or multi-path components) can be used for DL time difference of arrival positioning (D-TDOA). The support of D-TDOA positioning can provide the maximum coverage and positioning capacity but is sensitive to network/gNB synchronization errors.
Phase Difference
The utilization of tone phase difference is an alternative mechanism to measure distance between transmitter and receiver. The clear drawback of this approach is high sensitivity to the ambiguity problem that can limit the estimation range and increase receiver complexity. There is a clear tradeoff between estimation range and estimation accuracy that depends on the frequency spacing between tones. In addition, this technique is very sensitive to multipath effects given that all multipath components contribute to the overall phase of the tone. Finally, the need to perform differential processing will penalize the post-processing SNR. The main benefit of this approach is that it does not require tight network synchronization.
Angle Based Techniques
The angle based techniques are motivated by the advances in massive MIMO spatial processing at gNB or UE. The angle based techniques require support of timing estimation, since only LOS component gives accurate angular information that is directly useful for positioning. Support of angle based techniques require knowledge of antenna system configuration and its orientation and thus it is not straightforward at UE side but can be applied at gNB side.
Downlink Angles of Departure
For DL angle based positioning, the information about angle of departure can be extracted from the DL TX beam measurements, if TX beam sweeping is applied at gNB side and directional beams are associated with geographical directions. In this case, the received power measurements can be used to determine the best DL TX beam(s). There may be different definitions of the best DL TX beam that still need to be analyzed by RAN1 WG. At least the following two criteria can be further considered for NR DL positioning based on angle of departure determination:
Maximum RSRP criteria among DL TX beams
Maximum RSRP of the LOS/FAP component among DL TX beams
Downlink Angles of Arrival
The DL angle of arrival cannot be used for positioning w/o information about UE antenna orientation. The angle of arrival measurements will require full knowledge about UE antenna system which is not generally available. Therefore support of DL angle of arrival measurements should not be considered as a high priority in R16.

Received Reference Signal Power Based Techniques
The received reference signal power alone may not give an accurate information on UE location due to complex stochastic dependency of the distance vs attenuation of propagation channel, including TX/RX antenna gains, directivity and antenna orientation considerations. On the other hand, the received reference signal power measurements are already supported by NR system over various reference signals. These RSRP measurements can be combined with the angle or timing based DL positioning techniques.
Cell / TRP ID Based Techniques
The Cell / TRP ID positioning techniques are based on detection of signal associated with certain ID, which is linked to specific transmission point with known geographical coordinates. This is the simplest DL positioning technique and should be considered to be combined with RSRP based positioning, especially taking into account that RSRP like measurements will be used by other DL positioning techniques.
Summary on DL Based Techniques
Based on analysis in subsections above supported by evaluation results in Section 6 of this document and [7], we have following proposals on NR DL positioning techniques:

Proposal 2: 
NR supports the following DL positioning techniques:
Timing-based technique that utilize information on timing of arrival path(s)
RSTD measurements based on estimate of reference signal arrival time (FAP) is defined
Angle-based technique that utilize information on DL angle(s) of departure
DL angle of departure is estimated through DL TX beam RSRP measurements
Cell/TRP ID combined with RSRP-based positioning technique

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)


In sub-sections below, we analyze each candidate reference signal for NR positioning in more details.
NR Synchronization Signal Blocks
NR synchronization signal blocks (SSBs) are used for initial cell search as well as idle/inactive-state mobility. In addition, if multiple SSBs are configured, the UE can determine/report the “best” DL TX beam for DL communication. The following information which is also relevant to NR positioning can be extracted from SSBs: cell ID, SSB index (“beam ID”), SFN.
In terms of positioning, NR SSBs can be utilized for Cell ID, reference signal received power (e.g. SS-RSRP), and angular (based on DL AoD) DL positioning. In addition, NR SSBs can be used for timing based positioning. 
The main limiting factors of using SSBs for NR positioning are:
Fixed(limited) SSB BW
· Imposes constraints on maximum accuracy of timing based positioning techniques
Inter-cell interference
· SSB transmissions may collide with SSB/data transmissions in neighboring cells
TX power sharing with FDMed parallel DL transmissions
· SSB share TX power with other FDMed transmission on the same antenna port/beam
Necessity of PBCH decoding
· In FR2, SSB index is encoded in PBCH. PBCH decoding for neighboring cells may be problematic
Deployment specific considerations
· SSBs can be used in same Cell-ID scenario. In same Cell ID scenario, the value of SSB is limited if transmission points are not distinguished by unique ID.
Considering above aspects NR SSBs cannot be considered as a primary DL candidate solution for NR positioning. At the same time NR SSBs can be complementary or selectively used for certain positioning techniques, deployment scenarios and use cases.


NR SSBs provide information on Cell ID, SSB index (that can be associated w/ DL AoD), SS-RSRP, coarse DL RX timing
NR SSBs can be utilized for selected NR DL Positioning techniques, use cases, scenarios
Use of NR SSBs for DL positioning has quite many restrictions and cannot achieve maximum performance for NR DL positioning

NR CSI-RS
NR CSI-RS framework is used for multiple purposes, including CSI reporting, tracking, beam management, mobility. Different CSI-RS configurations are applied for tracking (TRS), beam management (BM), channel state information (CSI) reporting, etc.
In general, NR CSI-RS framework is more powerful candidate for NR DL positioning comparing to NR SSB, especially considering the flexibility of CSI-RS configuration including bandwidth, periodicity and actual set of REs used for particular CSI-RS transmission.

NR CSI-RS for Tracking
Represented by the CSI-RS Resource Set with trsInfo and composed from CSI-RS Resources with the same antenna port index. These CSI-RS resources do not imply reporting from UE and designed for tracking to improve demodulation performance. UE may be configured with one or more CSI-RS Resource Sets with the following settings:
FR1:
· CSI-RS Resource Set consists of four periodic NZP CSI-RS Resources in two consecutive slots with two periodic NZP CSI-RS resources in each slot
FR2 (two options can be used):
· CSI-RS Resource Set consists of two periodic CSI-RS resources in one slot
· CSI-RS Resource Set consists of four periodic NZP CSI-RS resources in two consecutive slots with two periodic NZP CSI-RS resources in each slot

The CSI-RS resources for tracking are configured with the following attributes/constraints:
CSI-RS resource
· Periodic resources – same periodicity, bandwidth and subcarrier location. 
· Aperiodic CSI-RS resources can be configured in a second set - the same bandwidth (with same RB location) as periodic and the aperiodic CSI-RS being 'QCL-Type-A' and 'QCL-TypeD'Single port CSI-RS resource with density 3
· BW = min{52 RBs, BWP} or BWP
· One symbol per CSI-RS resource with comb-4 structure in frequency (density 3)
· Periodicity 2Xp = 10, 20, 40, or 80 slots
· CSI-RS resources are separated by 4 symbols in time
· l 4,8, 5,9, 6,10 for FR1 and FR2
· l 0,4, 1,5, 2,6, 3,7, 7,11, 8,12, {9,13} for FR2


NR CSI-RS for tracking
are transmitted from the same single antenna port that can be used for averaging at RX side
are spaced apart by 4 symbols which is not desirable for positioning purposes where more dense and continuous in time allocation is more reasonable
are configured with max two symbols per slot which imposes link budget constraint
Modifications of NR CSI-RS for tracking are needed to achieve similar level of positioning performance as LTE, where up to 8 symbols per sub-frame are supported and up to 6 sub-frame occasions can be configured

NR CSI-RS for Beam Management
NR CSI-RS for beam management are represented by the CSI-RS Resource Set with “repetition” field set to either “on” (RX sweeping) or “off” (TX sweeping). NRS CSI-RS resources for beam-management have the following attributes/constraints:
CSI-RS Resources within CSI-RS Resource Set for beam management:
· are transmitted with the same downlink spatial domain transmission filter (if “repetition” is on)
· are transmitted in different OFDM symbols
· have the same number of ports (1 or 2)
· use of the same antenna port across different CSI-RS resources is not guaranteed.

 
NR CSI-RS for beam management
do not guarantee transmission from the same antenna port, which means that averaging across symbols is not implied
constrained in terms of link budget (one symbol transmission) that is likely to be not sufficient to accurately measure signal location parameters from neighboring cells
support DL TX and RX beam sweeping

NR CSI-RS for Channel State Information (CRI, CQI, PMI, RI) Reporting
NR CSI-RS for link adaptation are designed to support estimation of channel rank, CQI and transmit precoding vectors as well as channel and interference measurements. NR-CSI RS for link adaptation do not imply RX sweeping support and are expected to be quasi-collocated. Comparing to tracking and beam management frameworks, NR CSI-RS resources for CSI have even lower density and multi-port support which is not really necessary for positioning use cases.


NR CSI-RS for CSI reporting are mainly designed to support MIMO channel link adaptation
NR CSI-RS for CSI reporting characterized by 
Support of multi-port transmission
Low RE density per antenna port/PRB/Slot
Up to 4 symbols and 32 antenna ports can be supported per NR CSI-RS resource
Power sharing between antenna ports is assumed

Summary on NR CSI-RS for Positioning
Based on above discussion, we conclude that none of the NR CSI-RS configurations (CSI, BM, TRS) can be completely reused for NR positioning purposes 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 consider to either introduce modified CSI-RS configuration specific for positioning or new NR PRS signal. In the next section, we discuss desirable attributes for NR positioning signals independently of whether it is derived from CSI-RS framework or new signal is defined.

NR DL Positioning Reference Signals (PRS)
Design of positioning reference signals should meet at least the following criteria/properties:
Configurable transmission bandwidth and allocation in time frequency resources
Configurable periodicity and transmission duration (amount of symbols)
Support of TX and RX beamforming / beam sweeping
Processing gain and link budget equal to or better than for LTE PRS
Unambiguous identification of TRPs/gNBs with the large set of IDs
Flexible transmit power allocation up to maximum TX power settings (power boosting of PRS REs)
Sufficient degree of randomization and orthogonalization for PRS transmission from multiple TRPs/gNBs
No multiplexing with other NR/LTE physical channels/signals (intra-/inter cell)
· Intra-cell TX power sharing considerations
· Inter cell interference considerations
Support of periodic / semi-persistent / aperiodic PRS resources and UE reporting
Low UE implementation complexity and power consumption for PRS processing
Good auto and cross correlation properties in the presence of time and frequency offsets / Doppler effect
Good cross-correlation properties with other NR and LTE signals
Summary on Candidate Reference Signals for DL Positioning
Based on analysis of the candidate reference signals for NR DL positioning and comparing those with LTE PRS signals we have the following proposal.

Proposal 3: 
RAN1 to confirm that CSI-RS signals defined in R15 are not sufficient for NR positioning
RAN1 to further study and down-select between the following two options
Option 1: Modified CSI-RS configuration is introduced specifically for NR DL positioning
Option 2: New NR positioning reference signals are defined for NR DL positioning
Conclude at the next meeting on which option to select for NR DL positioning framework

NR PRS Resource Allocation
NR PRS Transmission / Resource Pool
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, semi-persistently or on demand (aperiodic). The PRS transmission/resource pool, if it is introduced will be characterized by amount of time frequency resources and PRS transmission schedule from multiple cells/gNBs/TRPs configured to UEs.

Proposal 4: 
NR defines PRS resource pool as a set of time frequency resources used for NR PRS transmission
PRS resource pool can be periodically allocated with a predefined period, slot pattern and offset in slots with respect to SFN0

PRS Resource
If PRS resource pool is introduced, the PRS resources can be allocated within PRS transmission pool. In general, PRS resource pool may be replaced by more sophisticated PRS resource configuration and support of multiple PRS resources, each associated with unique ID identifying specific transmission point or beam. This can be an alternative design option, although it is likely to result in unnecessary complexity in terms of specification, system configuration and UE implementation. 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 5: 
Notion of NR PRS Resource is defined as a set of REs across configurable number of consecutive symbols and PRBs used for given PRS transmission within PRS Resource Pool
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 and is configured with unique ID
NR PRS DL TX beam-sweeping is supported and can be enabled or disabled across different PRS Resource Occasions

Transmission Schedule of NR PRS
PRS Transmissions Schedule
Transmission on PRS Resources within PRS Resource Pool should support not only DL TX beam sweeping but also the possibility to control actual DL PRS transmission (i.e. On/Off) on allocated PRS Resources by a given transmission point. This functionality is important to enable accurate measurement of signal location parameters to as many transmission points as possible. In practical systems, we foresee two main potential scenarios: 1) enhanced positioning area and 2) deployments non-optimized from positioning perspective. In enhanced positioning areas, we assume that proper amount of spectrum resources as well as optimized transmission schedule can be provided to UEs. In non-optimized deployments, that can be characterized by different densities as well as irregular deployment grids the randomized PRS transmission is required to optimize overall system performance. Therefore in terms of PRS transmission schedule two modes of operation are desirable for NR support.

Proposal 6: 
Two modes of PRS transmission schedule are supported by NR:
PTM1 (PRS Transmission Mode 1 based on Predefined PRS Transmission Schedule)
PRS transmission pattern on a given PRS Resource is signalled to UE (i.e. pre-configured)
PTM2 (PRS Transmission Mode 2 based on Pseudo-random PRS Transmission Schedule)
PRS transmission on a given PRS Resource is controlled probabilistically (i.e. according to preconfigured probability of PRS transmission PPRS_TX)
Selection of DL TX beam on a given PRS resource is also randomized

In 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.

Multiplexing of PRS Transmissions with other signals/channels
For accurate NR DL positioning, PRS multiplexing with other physical signals/channels is not desirable from system perspective due to power sharing and inter-cell interference issues considerations. Therefore it is desirable to enable mode of operation with the dedicated PRS resources (dedicated PRS resource pools).

UE Measurements and Reporting
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

UE PRS Processing for NR DL Positioning
In case of DL positioning on NR PRS signals, we assume that UE can perform and report the following information:
Received Signal Waveform
Timing measurements, e.g. reference signal time difference (RSTD) across PRS resources
PRS Reference Signal Received Power, e.g. PRS-RSRP
Measurements characterizing PRS signal quality, e.g. PRS-SINR, PRS-RSRQ
PRS Resource IDs

Proposal 7: 
For NR DL positioning based on NR PRS signals, UE supports
Reporting of received signal waveform
FAP timing measurements, e.g. reference signal time difference (RSTD) across PRS resources
PRS Reference Signal Received Power measurements, e.g. PRS-RSRP
FFS whether this measurements is done for the FAP
Measurements characterizing PRS signal quality, e.g. PRS-SINR, PRS-RSRQ
FFS whether this measurements is done for the FAP

In addition, one of the interesting direction that can be further explored is to assess whether UE can determine/characterize the link state for particular PRS transmission, i.e. whether it is LOS or NLOS link.

Proposal 8: 
Further study techniques to detect whether link b/w given TX and RX is NLOS link (i.e. does not have LOS component)

PRS Resource Allocation Modes
For NR DL positioning, it is beneficial to support on demand UE positioning. In this mode of operation, UE is expected to request allocation of PRS Resources (pool) and necessary assistance signalling. This scenario can be supported on top of periodic PRS Resource allocation by using either semi-persistent or aperiodic PRS resource allocation mechanisms.
If PRS Resource allocation entity is aware about UE coordinate or recently reported by UE measurements on PRS resources (e.g. based on the previous UE reporting) it may allocate dedicated PRS resource pool with dedicated transmission schedule to serve UE(s) requesting PRS allocation or UEs located in dedicated areas. This mode of operation my reduce amount of PRS resources allocated for on-demand UE positioning.

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 9: 
· 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 [7].
Performance Analysis in FR1
In this section, we evaluate three scenarios Open Office/UMi/UMa and focus on several PRS design aspects:
Reuse factor for PRS transmission
Link budget of PRS transmissions
Received signal waveform reporting and super-resolution algorithms
PRS physical structure
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.

[image: ]
[bookmark: _Ref534119238]Figure 5: On CSI-RS Link Budget in FR1 (UMa Scenario)


Additional link budget is needed to 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 (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.

Summary on NR DL Positioning Techniques
In this section, we summarize our views on NR positioning discussion and measurements that can be considered for further analysis in NR positioning study item as an enhancements to LTE RAT-dependent solutions (please refer to Table 1).
[bookmark: _Ref525387048]Table 1: Candidate enhancements to RAT dependent NR positioning techniques
	Downlink Techniques

	Baseline: D-TDOA
· DL RSTD + RSRP/RSRQ
Candidate Enhancements:
· UE received waveform report
· First arrival path
· AoD information for the first arrival path (i.e. beam detection)
· NR PRS design



 Support of UE Based Positioning
One of the topics that need to be separately discussed for cellular positioning is where position estimate of UE is computed. There are two main options:
Network-based positioning. In this case, UE coordinate is estimated at network side based on measurements of signal location parameters reported by UEs and gNBs/TRPs to network entity for location estimation.
UE-based positioning. In this case, UE coordinate is estimated at UE side based on measurements and assistance information from network side.
The network based positioning is one of the traditional approaches used in cellular systems and should be supported for NR positioning. On top of that, considering emerging commercial use cases, the support of UE based positioning can be also beneficial for overall NR system. The NR DL UE-based positioning is a very scalable design option that can provide low UE power consumption and thus should be considered by RAN1 as one of the NR design options.

Proposal 10: 
RAN1 to analyse benefits of UE-based positioning and enable it jointly with the network based NR positioning

 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 estimation of signal location parameters at NW side
Further study mechanisms to support reporting of received signal waveform(s)
NR Positioning supports measurements of the first arrival path signal location parameters
RAN1 to further study benefits of utilizing multi-path channel impulse response components for NR positioning (e.g. timing or angular information derived from multipath components, etc.)
Proposal 2: 
NR supports the following DL positioning techniques:
Timing-based technique that utilize information on timing of arrival path(s)
RSTD measurements based on estimate of reference signal arrival time (FAP) is defined
Angle-based technique that utilize information on DL angle(s) of departure
DL angle of departure is estimated through DL TX beam RSRP measurements
Cell/TRP ID combined with RSRP-based positioning technique
Proposal 3: 
RAN1 to confirm that CSI-RS signals defined in R15 are not sufficient for NR positioning
RAN1 to further study and down-select between the following two options
Option 1: Modified CSI-RS configuration is introduced specifically for NR DL positioning
Option 2: New NR positioning reference signals are defined for NR DL positioning
Conclude at the next meeting on which option to select for NR DL positioning framework
Proposal 4: 
NR defines PRS resource pool as a set of time frequency resources used for NR PRS transmission
PRS resource pool can be periodically allocated with a predefined period, slot pattern and offset in slots with respect to SFN0
Proposal 5: 
Notion of NR PRS Resource is defined as a set of REs across configurable number of consecutive symbols and PRBs used for given PRS transmission within PRS Resource Pool
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 and is configured with unique ID
NR PRS DL TX beam-sweeping is supported and can be enabled or disabled across different PRS Resource Occasions
Proposal 6: 
Two modes of PRS transmission schedule are supported by NR:
PTM1 (PRS Transmission Mode 1 based on Predefined PRS Transmission Schedule)
PRS transmission pattern on a given PRS Resource is signalled to UE (i.e. pre-configured)
PTM2 (PRS Transmission Mode 2 based on Pseudo-random PRS Transmission Schedule)
PRS transmission on a given PRS Resource is controlled probabilistically (i.e. according to preconfigured probability of PRS transmission PPRS_TX)
Selection of DL TX beam on a given PRS resource is also randomized
Proposal 7: 
For NR DL positioning based on NR PRS signals, UE supports
Reporting of received signal waveform
FAP timing measurements, e.g. reference signal time difference (RSTD) across PRS resources
PRS Reference Signal Received Power measurements, e.g. PRS-RSRP
FFS whether this measurements is done for the FAP
Measurements characterizing PRS signal quality, e.g. PRS-SINR, PRS-RSRQ
FFS whether this measurements is done for the FAP
Proposal 8: 
Further study techniques to detect whether link b/w given TX and RX is NLOS link (i.e. does not have LOS component)
Proposal 9: 
· Consider support of TBS or dedicated carriers for NR DL positioning by introducing NR PRS signals for estimation of signal location parameters by UE
Proposal 10: 
RAN1 to analyse benefits of UE-based positioning and enable it jointly with the network based NR positioning


 References
[1] RP-182155, “Revised SID: Study on NR positioning support”, Intel Corporation, Ericsson, Gold Coast, Australia, September 2018
[2] [bookmark: _Ref525385945]A.Shahmansoori, G.E. Garcia, G. Destino, G. Seco-Granados, H. Wymeersch, “Position and Orientation Estimation Through Millimeter-Wave MIMO in 5G Systems”, IEEE Transactions on Wireless Communications, Vol. 17, No. 3, March 2018
[3] [bookmark: _Ref534972759]R1-1812519, “Potential RAT dependent techniques for NR positioning”, Intel Corporation, Spokane, USA, November, 2018a
[4] [bookmark: _Ref534972580]R1-1900511, “Discussion on Template for Collection of NR Positioning Evaluation Results”, Intel Corporation, Taipei, Taiwan, January, 2019 
[5] R1-1900513, “Analysis of Techniques for NR UL Positioning”, Intel Corporation, Taipei, Taiwan, January, 2019
[6] R1-1900514, “Analysis of Techniques for NR DL and UL Positioning”, Intel Corporation, Taipei, Taiwan, January, 2019
[7] [bookmark: _Ref534972586]R1-1900515, “System Level Evaluation of RAT-Dependent NR Positioning Techniques”, Intel Corporation, Taipei, Taiwan, January, 2019


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 2: 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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