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Having accurate and precise location information is becoming crucial for more and more 5G service applications, both for eMBB and vertical industries scenarios. Towards that goal, RAN agreed at RAN#80 to study NR positioning in Release 16 [1][2]. 
In this proposal, we present the considerations of NR positioning in aspects of use cases and requirements, NR positioning technologies, positioning architecture, and evaluation methodology. The Cramer-Rao Lower Bounds (CRLBs) of positioning techniques are studied in the Appendix.

Use cases and requirements
Use cases
As discussed in [2], the positioning SI should consider the common architecture for NR positioning including eMBB and IOT use cases except V2X.  However, high speed UEs should be considered. 
5G eMBB including both outdoor and indoor deployments is the typical scenario for positioning for both regulatory (e.g. E911) and commercial use cases. The channel conditions a UE experiences in outdoor vastly differ according to the environment (urban macro, dense urban, suburban, high-speed UE etc.). NR should be able to provide high-accuracy location information to users either by NR system itself or with the assistance of GNSS. This particularly applies for dense urban deployments, tunnels, highway underpasses, and more generally, wherever GNSS signals are not available.
eMBB indoor is an important scenario since GNSS signals are usually not available in this scenario. Higher accuracy is required for indoor scenarios because the service may need the location of the exact user’s spot, room, or layer. eMBB indoor positioning could work in combination with short range location (e.g. WLAN or Bluetooth). eMBB indoor positioning in general should achieve higher or comparable location accuracy with short range positioning systems in order to satisfy a wide range of applications.
There are a variety of use cases of IoT positioning studied in TR 22.872 including shared bike, industry factory, medical hospital, waste management etc. The requirements of IoT positioning, such as accuracy, latency, and reliability, depend on the considered use cases. A common protocol architecture should be studied to include the IoT use cases.
Requirements
As discussed in [2], requirements such as accuracy, latency, capacity, coverage, should be identified. A list of key performance indicators (KPIs) for positioning are defined in TR 22.872, where positioning accuracy describes the accuracy of the measured position of the UE  compared to its true position value, and radio layer level latency is considered rather than end-to-end latency. 
E911 location is the typical regulatory service whose requirements are defined in [5]. FCC is proposing that within five years, providers must achieve 50-meter accuracy for 80 percent of outdoor/indoor 911 calls in the horizontal domain, and 3-meter accuracy in the vertical domain for 80 percent of calls.
For 5G eMBB cases, 3D network-based positioning should be supported, with accuracy better than [10] m for outdoor scenarios, and accuracy better than 1 m for indoor deployments. Tracking of high speed devices requires providing this location accuracy in a real-time manner.
For 5G IoT cases, three-dimensional positioning (vertical/horizontal location) should be supported. Although the accuracy target defined in TR 22.872 ranges from 10 m to 0.3 m depending on the considered IoT cases, the achievable accuracy will heavily rely on the system configuration (e.g. coverage, maximum bandwidth, number of antennas, etc).
5G network-based localization should be able to work with other/external techniques (e.g. with capability to pull data from partner sources) to further improve accuracy. The overall cost of network assisted localization should be comparable to or lower than the current external means (e.g. satellite systems) or 4G solutions to acquire the location information [3].
Capacity and coverage are typically used to evaluate throughput and area coverage of mobile data transmissions. Positioning should not drastically affect these metrics. However, since one cell-specific reference signal such as PRS can be used by an unlimited number of UEs, it is possible to locate a large number of UEs with minimum overhead. Positioning coverage relies on the transmit power, channel path, Tx-Rx antenna gain, and the power sensitivity of receiver. In order to increase positioning coverage (the region where good location information can be obtained), power boosting of reference signals or consecutively sending multiple reference signals could be used, while still maintaining the overhead low.
Among all the KPIs, positioning accuracy with a given probability threshold is the most important metric to be evaluated.
Scope of the SI
The objectives and study scope of the NR positioning SI are justified in [2]. The objective of this study item is to evaluate potential solutions to address NR positioning requirements as defined in TR 38.913, TS 22.261, TR 22.872 and TR 22.804 while considering E911 requirements by analyzing positioning accuracy (including latitude, longitude and altitude), availability, reliability, latency, network synchronization requirements and/or UE/gNB complexity to perform positioning, and taking into account a preference to maximize synergy where possible with existing positioning support for E-UTRAN. This SI covers RAT dependent, RAT independent, and hybrid of those positioning technologies (hybrid of RAT-dependent positioning techniques as well as hybrid of RAT-dependent and RAT-independent positioning technologies). The first priority will be to evaluate scalable positioning solutions of RAT-dependent (NR based) positioning methods in both FR1 and FR2 for regulatory use cases such as ECID, OTDOA and UTDOA in order to be also applied for other use case scenarios while other positioning methods as RAT-dependent positioning are not precluded, in order to have parity with LTE based positioning for regulatory requirements. Sidelink (including V2V) and Sidelink+Radiolink (including V2X) based positioning study are not part of this SI scopes whereas general radio link based positioning will also take high speed UEs into account.

NR Positioning Technologies
NR positioning SI covers RAT dependent, RAT independent, and hybrid of those positioning technologies. The first priority is to evaluate scalable positioning solutions of RAT-dependent (NR based) positioning methods in both FR1 and FR2 for regulatory use cases such as ECID, OTDOA and UTDOA. However, other new positioning methods as RAT-dependent positioning are not precluded in order to meet the NR positioning requirements in eMBB, IOT, and vertical industries. We classified the positioning technologies into the categories: evolution technology, NR-specific positioning technology, and related technology (e.g. clock synchronization).
Evolution Technology
NR positioning should support ECID, OTDOA and UTDOA positioning technologies, which are well studied in LTE. NR could generally reuse the positioning mechanisms in LTE but with updated design in RAN1 and related upper layers in order to follow NR standards – so called evolution technology.
Proposal 1: Support and update LTE positioning techniques for NR.
The LTE techniques could be used and updated as follows.
NR ECID is to estimate UE location based on the detected cell-ID in combination with assisted measurements which could be the Tx-Rx time difference in type 1 and 2, AOA of serving cell, RSRP, RSRQ and related quality measurements (similar to LTE). The reference signals in NR to do the measurements could be PSS, SSS, PRACH, and SRS. Since LTE CRS is not supported in NR, NR could use cell-specific reference signals in downlink for measurements, such as downlink TRS or CSI-RS. NR ECID positioning could be performed in UE side with assistance of network data and also in network side with both UE measurements and BS measurements.
NR OTDOA is a downlink positioning method where UE measures the reference signal time difference (RSTD) of arrival between reference BS and neighboring BSs. The reference signal for positioning in downlink should be flexible, scalable in bandwidth, and available to all UEs. A cell-specific positioning reference signal (PRS), similar to LTE PRS, is recommended to be defined in NR downlink to reach the objectives. Related studies include but not limit to the design of PRS pattern, sequence design, power boosting, configurable ID, intra/inter-frequency RSTD measurements, support of multi-TRPs/cells PRS transmission, and combination with beam management mechanisms to support both FR1 and FR2, and signal procedures. An alternative method, if PRS is not allowed, is to possibly reuse existing NR reference signals (e.g. TRS) with minor changes so that they can perform the same functions as PRS.
NR UTDOA is a network-based positioning method that uses uplink SRS to estimate the RSTD between reference BS and neighboring BSs. NR UTDOA is a mandatory function because it is well suited to exploit the network data and measurements to estimate high-accuracy location while saving the PRS overhead since multiple BSs could receive uplink SRS simultaneously. NR supports beam management and multiple TRPs for both FR1 and FR2, thus NR UTDOA should consider the combination with beam management and multiple TRPs techniques to obtain high-quality UTDOA measurements.
NR-specific Positioning Technology
As discussed in [2], the recent advances in massive antenna systems (massive MIMO) can provide additional degrees of freedom to enable more accurate user location by exploiting spatial and angular information in combination with time measurements. Angle-based positioning (ABP) is a straight-forward solution where user location can be estimated with measured angles from multiple BSs. In addition, beam is introduced in NR for both FR1 and FR2, and it is possible to get measured angles on the network side as well as on the UE side. A new technique called Simultaneously Localization And Mapping (SLAM), which was validated as efficient and high-accuracy for robot positioning products [4]. The SLAM technique enables a mobile robot at an unknown location in an unknown environment to incrementally build a consistent map of the environment while simultaneously determining its location within this map. We propose to apply the SLAM to NR positioning where single BS can estimate UE location with multipath measurements, referred to as single-BS positioning in the proposal. 
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Fig. 1 Angle-based positioning

Proposal 2: Angle-based positioning and single-BS positioning should be studied for NR.

Angle-based Positioning
The angle-based positioning (ABP) goal is to estimate UE location with measured angles from at least two BSs including the serving BS as well as neighboring BSs. Since the BS typically has many more antennas than the UE, measuring angles at the BS side is preferred and provides higher-accuracy angles. ABP at the UE side should not be excluded, in particular for FR2 where the number of antennas is generally relatively high. Fig. 1 illustrates the ABP with four BSs for 2D location. In order to estimate 3D location, the measured angles should include angles in elevation direction and angles in zenith direction as well. 
In addition to using multiple BSs for ABP, it is also possible to have multiple TRPs within the same cell. A single gNB with multiple TRPs could cover a very large area with one CU and many DUs. All the TRPs that the UE can see could support ABP.
An evaluation methodology for ABP should be defined in this SI.
A. Uplink Angle-of-Arrival (UAOA)
UAOA-based positioning is used to estimate UE location by measuring the AOAs on the uplink reference signals. Uplink SRS is preferred for measuring AOAs in BSs/TRPs but other reference signals (e.g. DMRS) are not excluded. UAOAs should be measured for both elevation and zenith angles in order to attain 3D location. 
The UAOA positioning is triggered by the Location Management Function (LMF) for NR positioning architecture. The LMF coordinates with the serving cell and related neighboring cells to provide UAOA measurements for location estimation. Related measurements such as number of antennas should be also provided to assess the quality of UAOA measurements and to assist the LMF to perform localization.
Since both UTDOA and UAOA utilize uplink SRS for measurements and positioning, the UAOA-based positioning can apply the similar signal procedure as done in UTDOA, but additional design should be considered when both UE and BSs/TRPs use transmit beamforming (e.g., for FR2).
B. Downlink angle-of-departure (DAOD)
Similar to UAOA, it is feasible to estimate UE location in terms of DAODs of multiple BSs/TRPs. The DAODs are the AODs of the strongest path from BSs, and can be measured by the UE. For example, the UE can measure the channel on all available beams received from the BSs and feedback this information to the network so that the network can determine the AODs of the strongest path. Compared with UAOA, DAOD needs UE assistance for measurements feedback. The downlink reference signals used by UE could be downlink PSS, SSS, or CSI-RS etc.
While the DAOD procedure is different from UAOA, there are a lot of commonalities and a consistent uniform framework for ABP can be standardized.
Single BS Positioning (SBP)
With SLAM [4], both UE location and the reflector’s location can be simultaneously estimated when the TOAs and angles of the paths from different direction are available. In mobile communications with single BS, the measurements are equivalent to TOAs and angles of multi-paths where existing both LOS path as well reflection paths. A typical scenario is for an indoor office. Fig. 2 illustrates an example where SBP is performed at the BS side. The principle is similar to SBP at the UE side. See [4] for more details on SLAM positioning.
In order to standardize this technique, TOA-AOA pairs of both LOS path and reflection paths need to be measured at receiver. The receiver can either be the BS or the UE, as long as there are enough antennas. SBP can be either triggered by the LMF or the serving BS itself. Using an existing UE-specific reference signal is preferable (TRS/CSI-RS for the downlink, SRS/DMRS for the uplink).
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Fig. 2 SBP at the BS side
Hybrid Positioning
We discussed NR RAT-dependent positioning in Sections 3.1 and 3.2. In practice, it is almost always better to use multiple positioning techniques in order to meet the requirements in all scenarios. Thus, a combination of solutions (hybrid positioning) should be considered. Hybrid positioning could be a combination of multiple positioning technologies, such as:
· Hybrid angle-based positioning with TDOA-based positioning
· Hybrid RAT-dependent positioning with RAT-independent positioning (e.g. A-GNSS, WLAN, Bluetooth, digital map, and IMU sensors) or side-link positioning
· Hybrid RAT-dependent positioning with RF finger-printing positioning
Clock Synchronization
TDOA and TOA measurements are sensitive to synchronization errors between the considered BSs and UE. For LTE, the timing error can be up to 65ns in RRU, corresponding to a distance of 20m. The timing error between BSs can be up to 130ns (39m). Moreover, for FDD systems, even larger timing errors between BSs are possible. Thus, it is important to minimize synchronization errors. 
In the Appendix, we analyze the impact of timing error on positioning accuracy using CRLB. With three BSs with an ISD of 200 m and sub-meter positioning accuracy requirement, OTDOA positioning can reach an accuracy of 0.6 m with a timing error of 3.26 ns. Given the accuracy of 1 m, the timing error should not be greater than 5 ns overall (including the timing errors between BSs and the error between BS and UE). Therefore, high-accuracy clock synchronization requirements should be supported for NR to support high-accuracy positioning. Synchronization requirements are typically determined by RAN4, thus RAN1 should inform RAN4 of the necessity of high timing accuracy.
Proposal 3: send LS to RAN4 for the high-accuracy clock synchronization requirements needed for high-accuracy positioning.

Positioning Architecture
As discussed in [2], Rel-15 NR positioning architecture/protocol is a starting point of the discussion while the Release 16 LCS architecture enhancement study in TSG SA side is taken into account. Common architecture with IoT and hybrid positioning should be supported.
The latency in NR positioning requirements in TR 22.872 ranges from 30 ms to 60s. The NR protocol architecture in TS 23.501 (see Fig. 3) can support latency in the order of a second. However, for shorter latencies, the current protocol architecture is not enough. 
We propose to move part of location function of LMF from the core network to (or close to) the RAN network. This is also discussed in R15 AS2. A candidate solution is shown in Fig. 3 where the distributed LMF (LMFd) can perform location function directly to perform fast positioning. The LMFd could be at the gNodeB with N2 interface connecting to AMF or in UE with N1 interface to AMF. 


Fig. 3 A candidate solution for NR positioning protocol architecture

Evaluation Methodology
As discussed in [2], the evaluation methodology should be studied to evaluate the performance of NR positioning methods, potential enhancements, and potential introduction of new capabilities in 3GPP to meet NR positioning requirements. It is difficult to evaluate all the scenarios and all the above-mentioned techniques in limited time, and evaluation should be focused on typical scenarios and techniques that appear to be the most promising to meet NR positioning requirements.
For evaluation scenarios, NR positioning can consider two typical scenarios including outdoor (e.g. eMBB) and indoor (e.g. eMBB). The high-speed UE case can be a special case of outdoor where the UE has moving speed up to 350 km/h. The indoor scenario could be an indoor office as well as an indoor factory.
The urban macro scenarios can be restricted to FR1 as a first step. The other scenarios should use both FR1 and FR2. The impact of transmit beamforming on positioning should be evaluated for both FR1 and FR2. The minimum bandwidth target should be 5 MHz.
The NR positioning evaluation methodology can be similar to the OTDOA evaluation methodology in TR 37.857, where performance is evaluated by link-level simulations with the assistance of system-level simulations. The channel model defined in TS 38.901 is preferred. The system configurations of the scenarios defined in TS 38.802 can be the starting point for study. 
The performance metrics in evaluation should include vertical and horizontal positioning accuracy with a given availability (e.g. CDF probability at 66.7%). User dropping procedures should be determined.
Although all the above-mentioned scenarios and positioning techniques are valuable to evaluate in NR, we list the priority (mandatory or optional) of the evaluations in Table I so that we could select high-priority cases to evaluate if time is limited in NR positioning SI.





Table I: Evaluation methodology with scenarios and positioning technology
	
	Outdoor
	Indoor

	
	Urban macro
	Dense Urban
	Indoor office

	Frequency
	FR1
	FR1, FR2
	FR1, FR2

	Evaluation configuration
	Ref. 37.857, and 38.802
	Ref. 37.857, and 38.802
	Ref. 38.802

	Moving speed
	0~350km/h
	0~350km/h
	0~10km/h

	OTDOA
	Mandatory
	Mandatory
	Mandatory

	UTDOA
	Mandatory
	Mandatory
	Mandatory

	ECID
	Optional
	Optional
	Optional

	UAOA
	Mandatory
	Mandatory
	Mandatory

	DAOD
	Mandatory
	Mandatory
	Mandatory

	SBP
	Optional
	Optional
	Mandatory

	Hybrid Positioning
	Optional
	Optional
	Optional



Proposal 4: Prioritize evaluation scenarios according to Table I.

Conclusion
In this proposal we further consider the NR positioning in aspects of use case, requirement, positioning technologies, positioning architecture, and evaluation methodology based on the scope in [2].
[bookmark: _GoBack]Proposal 1: Support and update LTE positioning techniques for NR.
Proposal 2: Angle-based positioning and single-BS positioning should be studied for NR.
Proposal 3: send LS to RAN4 for the high-accuracy clock synchronization requirements needed for high-accuracy positioning.
Proposal 4: Prioritize evaluation scenarios according to Table I.
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Appendix
This section analyzes the minimum system bandwidth and the number of antennas to reach the NR positioning accuracy. The mathematical tool is the CRLB which is the lower bound on an estimator’s error variance. The CRLB is determined by many factors such as measurement used (TDOA, TOA, AOA), the received SNR, synchronization errors, radio channel model, etc. The computations of CRLB for different positioning methods have been well analyzed in publications under ideal radio channel models. We consider the NR system with both sub-6GHz systems where the bandwidth (BW) is below 200 MHz and the mmWave systems where the maximum BW is 400MHz. TOA/TDOA from three base stations (BSs) with ISD = 200m are applied for positioning. UE are randomly distributed in the 200m by 200m area, and the coverage area of the three BSs are inside this square. In case of perfect synchronization, the error comes from quantization which is less than one Ts. In case of imperfect synchronization, the error is assumed to be Gaussian distributed with zero mean and variance σ, for example. The mean square root CRLB of TOA/TDOA for different bandwidths are listed in Table II, and the cumulative distribution function (cdf) of TDOA positioning error is depicted in Fig. 4. Notice the TOA positioning error is almost centralized in the mean value.
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Fig. 4 CDF of TDOA positioning error

Table II. Mean square root CRLB of TOA/TDOA for different bandwidth
	
	BW
	20MHz
	40MHz
	100MHz
	200MHz
	400MHz

	Perfect
Synchronization
	TOA
	1.63m
	0.81m
	0.33m
	0.16m
	0.08m

	
	TDOA
	1.75m
	0.87m
	0.34m
	0.17m
	0.09m

	Gaussian

	TOA
	5.64m
	2.82m
	1.13m
	0.56m
	0.28m

	
	TDOA
	6.05m
	3.05m
	1.19m
	0.60m
	0.30m

	Gaussian

	TOA
	11.28m
	5.64m
	2.26m
	1.13m
	0.56m

	
	TDOA
	12.13m
	6.06m
	2.38m
	1.21m
	0.60m



Observation 1: To achieve sub-meter positioning accuracy with ToA/TDoA measurements, BW = 40 MHz is required for perfect synchronization, BW = 200 MHz is required for 1 Ts (3.26 ns) STD of synchronization error, and BW = 400 MHz for 2 Ts (3.26 ns). An accuracy of 10cm needs BW= 400MHz with perfect synchronization. Thus advanced synchronization protocol or synchronization algorithms should be supported in NR system.
When applying multiple antennas, more antennas enhance the AOA estimation quality and the positioning accuracy. Assume AOA is estimated by MUSIC algorithm in LOS channels and the noise is Gaussian distributed with received SNR = 5dB. The estimated AOAs from three BSs (ISD = 200m) are used for positioning. The STD of the AOA and the corresponding mean square root CRLB are listed in Table III, where N denotes the number of antennas. The CDF of AOA positioning error is shown in Fig. 5.
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Fig. 5 The CDF of AOA positioning error

Table III. Mean square root CRLB of AOA for different antenna numbers
	
	N=8
	N=12
	N=16

	STD of AOA
	3o
	1o
	0.5o

	CRLB
	3.48m
	1.15m
	0.57m


Observation 2: Accuracy of sub-meter demands >12 antennas in horizontal.
Hybrid use of TOA/TDOA and AOA can further improve the positioning accuracy. The CRLB for hybrid positioning has been derived in publications. In Table IV, CRLB for positioning with TDOA+AOA are provided. The network setup is the same as the previous two cases. TDOA is assumed to be Gaussian distributed with variance 2 Ts. 
Table IV. Mean square root CRLB of TDOA+AOA
	
	N=8
	N=12
	N=16

	BW=20MHz
	2.81m
	0.98m
	0.49m

	BW=100MHz
	1.79m
	0.89m
	0.48m

	BW=400MHz
	0.58m
	0.50m
	0.37m


Observation 3: A number 16 of antennas or 400 MHz bandwidth is required to reach the positioning accuracy of 0.5m. A combination of the two can reach as low as the accuracy of 0.37m. 
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