
3GPP TSG RAN WG1 Meeting AH 1901	R1-1901182
Taipei, Taiwan, January 21st – 25th, 2019 

Agenda Item:	7.2.10.1.1
Source:	Fraunhofer IIS, Fraunhofer HHI
Title:	DL positioning considerations: 
Pattern Learning, RSS fingerprinting and Beams
Document for:	Discussion & Agreement

[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
One of the objectives of the SI described in [1, 2] is to propose potential solutions for positioning based on the identified requirements and evaluation scenarios. 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. 
DL positioning relies on receiving signals from several gNBs. Using the information available as always on signals (e.g. SSB) or complementary signal for beam management information for positioning can be derived. This contribution describes a procedure for coordinating the beam management for higher efficiency of measurements with beam formed signals complementing the measurements derived from the SSBs (chapter 2).  
The chapter 3 and 4 describes methods working without TOA-measurements. The method one is based on field strength data, which can be typically derived from SSBs. The second method is based on advance machine learning (ML) algorithms. It is demonstrated that ML can achieve similar accuracy as a system optimized for LOS conditions and achieves also high accuracy for NLOS conditions.
[bookmark: _Toc473106403][bookmark: _Toc473290988][bookmark: _Toc474311529][bookmark: _Toc479008693][bookmark: _Toc479870188][bookmark: _Toc493767378]NR beam coordination for supporting multi-gNB-measurements
In NR, all signals including reference signals employ beamforming. [6] has introduced a multistep approach for establishing the beams for TDOA in uplink and downlink that offers an extension to the beam reporting in Release 15 [7] with respect to multi-site coordination (cf.  Figure 4), i.e. coordinating the beams of the serving gNB (s-gNB) and the neighboring gNB (n-gNB). 
[image: ]
Figure 1 – Basic multi UE and multi-site layout for positioning.

We propose the following steps in the downlink for RRC connected mode. Note that the central role of the coordinating entity is either taken by the s-gNB or alternatively by the LMF (subsequently denoted as s-gNB/LMF) and needs further detailed definition. 
0.) Capability Report
a. Request of capability report from the s-gNB/LMF to the UE
b. Capability report from the UE to the s-gNB/LMF
1.) Configuration of the UE for receiving the SSBs of n-gNBs for improved detection sensitivity
2.) Initial beam measurements of the UE for s-gNB and n-gNBs on the SSB (broader beams than other RS)
3.) Report received beams and gNBs with identifier, and RSRP or SINR (FFS) to s-gNB/LMF
4.) CSI-RS coordination procedure in s-gNB/LMF 
a. Central unit coordinates beam sets for DL CSI-RS of multiple gNBs via NPPa 
b. s-gNB/LMF communicates to neighboring gNBs via Xn-interface
5.) UE configuration by s-gNB w.r.t.
a. Allocated CSI-RS resources of s-gNB and n-gNBs (also define the UE sector of arrival)
b. the CSI reporting configuration for the UE
6.) UE reports measurements (TOA, RSTD) associated with gNBs and beams via LPP
a. reports multiple TOAs per measurement in multipath environments 
b. includes path strength measurements (RSRP, respectively SINR)
7.) Compute position from measurements including TOAs, RSRPs, and AoDs (provided by gNBs).
The employed TOA measurements have been described based on CSI-RS, equally well a dedicated N-PRS may be applied.
Observation 1: A multistage approach is capable of enabling multi-site beam coordination for positioning measurements including minimization of inter-cell interference.
The SSB simplifies primary detection and evaluation in two ways: firstly, it is relatively narrowband occupying 240 consecutive subcarriers, and secondly, it has weaker sectorization (fewer sectors). However, only PSS and SSS are suitable for detection and correlation and they inhibit 126 consecutive subcarriers distributed to 2 OFDM symbol slots. If all transmit power is assigned to this signal the effective SNR becomes high. However, the PBCH contains the information for identifying the transmitting gNB. In order to verify whether the sensitivity and the SNR is sufficient for receiving the SSB in the UE. 
The SSBs from multiple gNBs can be assumed coordinated and thus, in general, SSBs from different gNBs will not coincide in time. Thus, we inspect the SNR of SSS/PSS (together SS) and PBCH, where we assume that for the SS, we can profit from a correlation gain when detecting the SS. As an example the pathloss for model data of UMa are summarized in Table 1. Depending on the EIRP selected for SSB the SSBs can be detected in most cases or summarized in the table. Further detailed analysis shall be performed on the detection probability of the SSB for low SNR cases. 
[bookmark: _Ref408861728][bookmark: _Ref408861370]Table 1: Pathloss for the UMa LOS model and the described parameters.
	
	10 m
	50 m
	100 m
	500 m 
	1000 m
	5000 m

	
	25.53 m
	55.25 m
	~100 m
	~500 m
	~1000 m
	~5000 m

	
	69.8 dB
	77.2 dB
	82.9 dB
	98.3 dB
	104.9 dB
	127.0 dB

	
	79.4 dB
	92.5 dB
	102.6 dB
	129.9 dB
	141.7 dB
	180.4 dB



Observation 2: 	For positioning SSBs received at low signal level are also useful. 
Proposal 1: 	The positioning requirements shall be taken into account for the selection of the power assigned to the SSBs


Potential of field strength based methods
Fingerprinting General
Fingerprinting is a pattern recognition technique where current measurements are compared with reference measurements from known locations. Various types of measurements and signals can be used (e. g. Round Trip Time – RTT, Angle of Arrival - AoA, Magnetic Fields etc.), but Received Signal Strength (RSS) is the most common. A database of reference measurements consists of discreet reference points. Each reference point holds the measurement values and the location where they were recorded. 
In case of RSS a reference point may consist of locations, Sender IDs and measurements like in Table 2.
Table 2: Reference Point
	Location
	Sender ID
	Measurement (RSS)

	Location of the Measurements in e.g. Cartesian Coordinates or Global/Polar Coordinates
	<id 1>
	-60 dBm

	
	<id 2>
	-80 dBm

	
	<id 3>
	-44 dBm

	
	…
	..



Locating based on Fingerprinting follows five steps as shown in Figure 3 :
1. Capturing the Measurements
2. Preprocessing the Measurements
3. Positioning, consisting of 
a. Matching: Selecting Reference Points similar to the Measurements
b. Position Calculation: Calculating a Position out of the selected Reference Points
4. Post Processing the Position
5. Passing the Position to the Application
Figure 2:  Locating with Fingerprinting Overview
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Matching on Reference Data
Matching is the step where measurements are compared with pre-collected measurements in reference points. A matching accuracy value is calculated that represents the degree of similarity. Usual strategies calculate a distance vector on the measurement values. The matching accuracy  for reference point  holding measurement vector  consisting of  single measurements is calculated as

where  is the vector of actual measurements and  the vector of reference measurements for reference point . 
Chances
Fingerprinting relies on reference data that has to be either captured in the real environment or pre-calculated using e. g. propagation models. However the strength of the approach is that fingerprinting is able to deal with and even benefit from inhomogeneous signal propagation typical for indoor environment. Signal propagation indoors is challenging to model, so a usual approach is to gather reference data by recording it in place, which consumes time and effort. Reducing the number of reference points needed for positioning decreases the costs of recording reference data, but also reduces the accuracy.
Benefiting from the indoor channel
Fingerprinting is well suited for indoor scenarios, due to the fact that the interior of buildings (walls, doors, windows) or rooms (furniture) has typically very specific properties in terms of signal propagation. For instance the different reflection and absorption characteristics of individually arranged objects inside a building or room can be utilized to obtain unique fingerprints for selective locations. Generally spoken, the fingerprinting method benefits in particular from the various types of fading, such as slow, fast and selective Fading. In contrast to other methods like TOA, implications such as constructive and destructive interference caused by multipath propagation and the diverse propagation behavior of different frequencies are not disadvantageous to the fingerprinting approach, but rather make it even more effective. 
Furthermore, compared to standards operating in the ISM band, additionally available FR2 allows fingerprinting to be more effective. Shadowing caused by obstacles in the environment has an increasing impact at the higher frequencies and can therefore be utilized to increase the robustness and precision of the positioning. Non-fingerprinting approaches suffer from these effects in massive NLOS indoor environments.
As a consequence, indoor positions can be identified by comparing the local signal distribution with the available fingerprints which were obtained in the step before.
With NR features several characteristics that are beneficial to fingerprinting. Generally smaller and denser cells are advantageous for higher accuracy and precision of fingerprinting localization. The higher number of UE can also be utilized for improving each other's positioning. Historically RSS is used for generating fingerprints, but the underlying pattern matching is a generic mechanism so features like beamforming and MIMO can also be used for fingerprinting.
Up to now, positioning through fingerprinting is done by utilizing small-cell commercial RF standards like WLAN or Bluetooth with ISD = 5-30 m. Based on well-known base station ISDs in former networks, the planned accuracy service levels can be achieved.
Observation 3:	Fingerprinting-based positioning technology supports well indoor applications for both FR1 and FR2 and is expected to comply with the agreed service levels.

Simulation of Fingerprinting – Need for Spatial Consistency
Simulated environments based on parametrized channel models are at the moment lack information for the evaluation of fingerprinting methods. FP needs modeling of the environment’s characteristic properties instead of statistic propagation models representing changing environment. For example Fast Fading Effects are usually simulated by a statistically modelled variation of signal strength which allows examining propagation effects and simulate communication aspects. In Fingerprinting, these effects need to be modelled in a spatial consistent and repeatable way. Environment’s characteristic properties should not change but measurements for calibration and localization phases need to be independent. Therefore we are using empirically fetched results from comparable real-life scenarios which are representative for the defined indoor open office and mixed office environments.
Observation 4:	Currently available simulation models do not fit the evaluation requirements for fingerprinting methods.
Proposal 2:	Enhance simulation models to ensure special consistency esp. for multi-path and attenuation effects. Add “semi deterministic clusters” to statistical models [4].

Real-world Examples
Generally fingerprinting mechanisms are well established. With neither 5G-based equipment nor suitable simulation environments on-hand, using other communication standards with similar characteristics (frequency, ISD, bandwidth) is common. Especially ISM band systems like Bluetooth or WLAN are often used to implement positioning (typically for indoors) based on fingerprinting. Even urban scenarios are equipped with WLAN based positioning systems.
Taking real world examples into account, it is helpful to use non-lab environments, to proof the feasibility of a solution. Later on, snapshots within the simulation and modeling environment can be used to go into generic details. Generally, more demanding scenario for positioning techniques like the mixed office scenario with a more complex building and inventory are preferred. Open office seems less suitable. 
Table 3: Characteristics of commercial installations with fingerprinting -based positioning
	Size
	# Stations
	eq. Positions
	ISD
	Tech.
	Character

	205 m x 85 m
	~ 600 
	~150
	10/20
(zone type dependent)
	BLE
	open office

	156 m x 126 m
	~ 350
	~ 60
	15 m
	BLE
	open office

	50 m x 50 m
	33
	18
	~ 15 m
	WLAN
	open office
mixed office

	70 m x 12 m
	~ 40
	
	10 m
	WLAN
	mixed office

	~ 70 m x ~ 30 m
(two levels)
	á 20
	á 7
	~ 20 m
	WLAN
	mixed office


 Urban Outdoor with UMi-street canyon scenario
Starting with urban areas, it is suitable to use existing WLAN stations in combination with a fingerprinting system for positioning. One can enhance GNSS based positioning in very dense environments because both technologies complement each other perfectly. The same can be assumed using 5G signals. Using timing-based technologies in LOS conditions is ideally complemented by using fingerprinting in NLOS conditions. NLOS is typical for urban canyons outdoors and especially indoors.
Applying WLAN fingerprinting to these scenarios benefits from a comparable antenna height, BS-UE distance w.r.t. NR simulation setups. Typically the ISD of access points is locally smaller within a network and there can be a lot more simultaneously detectable stations. But this is based on using public and private stations without controlling them. Common stations have no sector antennas or formed beams in the used signals.
Experience tells, several use cases profit from using fingerprinting-based positioning, e. g. guidance systems for public transportation or generic urban applications. There you support a seamless usage of outdoor and indoor areas.
Indoor area with open office and mixed office scenario
Fingerprinting algorithms in positioning utilizes the fragmentation of an area with its fading effects. So it is well suitable for the indoors with fragmentations by walls. Open office scenario may compare to common logistics scenarios. In logistics, wide open-frame shelves in a structured setup mixed with open space areas for dispatching by forklift trucks and motorized carts are common. Using the calibration methodology accuracy better than 3 m (sum of x, y, z) on average is achievable. This level of accuracy is suitable for typical tracking and tracing use-cases.
As a reference for an open office scenario typical warehouses can be taken into account. Even using WLAN or Bluetooth, there are major similarities in comparison to 5G simulation setups. With a room size of 120 x 50 it is directly comparable with a specific project areas. The ISD using WLAN access points is also between 15 and 20 m and the mounting height is common (3 m), too. Thus both are similar to the simulation setup. Commercial and R&D projects using battery-powered Bluetooth Low Energy (BLE) beacons demand huge amount of senders. With focus on UE-based positioning low error rates and high robustness are achieved. The multiplicity of BLE beacons with different antenna directions can be considered as a timed antenna patterns under fast control.
Mixed office scenarios based on different simulation parameters can approximate areas well-known for the application of WLAN and Bluetooth based fingerprinting. The basic parameters (like station distribution and dimensions) are also nearly identical, but the NLOS probability is significantly higher compared to an open office area. Within a trained system an average positioning error below 2 m (sum of x, y, z) is expectable; even in buildings on daily business.
Mechanisms in the Standard 
There are several obvious signals already defined in the standard and suitable to be used with fingerprinting-based methods. The available RSRP measurements can be used equivalently to the RSSI measurement, e.g. in WLAN fingerprinting. Directly related is the SINR where available. Advantageous signals are contained in the SSB as they use fixed TX power by definition. Thus, their RSRP can directly be used as input for RSSI-like fingerprinting.
Observation 5: 	Several reference signals already defined in the standard are suitable for fingerprinting, which may directly feed a positioning engine for a calibrated area. 
Using Fingerprinting techniques is a perfect match for indoor applications. Positioning service level 1 should achieved by a (semi-) automated trained system. Positioning service level 2 will be achieved by a calibrated.
It also enhances other positioning techniques which typically obtain their performance from LOS conditions. This is true for external systems like GNSS as well as for mobile network internal approaches. Commonly, fingerprinting utilizes the signal strength based measurements. This is appropriate for the use in 5G, too and complements e. g. timing based positioning algorithms perfectly. 
Nevertheless fingerprinting is a very generic approach, which can also be applied to different measurements as long as they are location-dependent characteristics. 
Signaling and RAN2
NR mechanisms provide information taking beamforming, MIMO channels and gNB communication into account. For exploiting them in fingerprinting, it will be necessary to have a signaling distributing the current configurations and states of those mechanisms.
Fingerprinting techniques for NRP request stable conditions. Therefore it is crucial to exchange modifications in configuration or adjustable values. Configuration patterns or current configuration sets need to be signaled directly or by using representatives or unique IDs. How to determine, communicate and use this information needs to follow specific procedures, to be defined in detail in RAN2. 
Observation 6:	The signaling aspects have minor impact on RAN1. Therefore design specific procedures and protocols for the signaling of measurement data for positioning purposes in RAN2.
Proposal 3: 	Define the measurements useful for finger-printing and define/enhance the related protocols
Without a doubt it is possible to apply up to date machine learning and AI technologies in the procedures. It will optimize the needed efforts during startup and operation. Additionally it will increase the overall performance and reaction times especially in changing environments.
From the architecture point of view the LMS needs to be flexible enough to place the calculating LMF where needed. It may fit to place it directly into a gNB or even in a UE or distribute it over several entities. This can reduce the amount of data circulating in the stack and the general overhead. A calculation close to the UE (e. g. in the associated gNB) can also shorten the calculation and reaction times for a better service level and reduced management efforts.
1 Positioning with learned correlations
The positioning scenario at hand has a decisive impact on the quality of position estimates based on time of arrival (TOA) measurements. Especially, NLOS conditions due to obstructions and dense multipath due to strong reflections often occur especially in industrial environments. Example are warehouses and manufacturing halls with long rows of high bay racks containing absorbing or reflecting goods and/or large manufacturing machinery made of metal. 
Both effects – NLOS and dense multipath – have an exceptionally deteriorating impact on the quality of TOA estimates mostly in terms of strong biases and, thus, also on the resulting position estimation accuracy in potentially a large percentage of the positioning service area. However, in many of those scenarios large homogenous areas exist such that also classical or extended fingerprinting based on RSSI values delivers only inaccurate position estimates.
[image: ][image: ] 
Figure 3: Left: experimental setup with trajectories and blocking obstacles on the right side of the trajectories. Right: the positioning system and the absorber walls obstructing LOS transmission. Both taken from [3].
In those areas it has been proven [3] that the accuracy can be improved. This is especially true in NLOS or multipath regions with strong TOA biases if the environment characteristics are learned based on channel correlations. The promised achievement is proven in an experiment carried out by Fraunhofer IIS. In the investigated setup in  (left), an automated crane like positioning system (see  on the right) drives a mobile device representing the UE onto positions along three displaced rectangular trajectories.  shows each rectangle in a different color. Around the setup twelve receiving antennas are attached to the walls of the measurement hall. On the right side, absorber walls have been placed in order to block the line of sight on a part of the trajectory. The mobile unit transmits reference signals (80 MHz bandwidth). 
The experiment compares two approaches:
1. The classical approach uses uplink TDOA. The synchronized receivers determine the TOA of the transmitted signals from signal correlations that are converted in a central unit into time differences. Afterwards, these are turned into positions using an extended Kalman filter with an adapted movement model and initialization with a Levenberg-Marquart position estimator.
2. The data-driven approach with learned correlations: the receivers compute the signal correlations and convey their full correlation window to the central unit. Then, the correlations are processed in the central unit by a machine learning model (CNN), which is trained with the compiled correlation data patterns of all receivers associated to the positions in a training phase that may be done offline in advance. Afterwards in the validation phase, it retrieves position estimates from a matching and interpolation of all correlation patterns at each time instance for the different positions with the learned correlation patterns of the previous phase.
Note the in contrast to the classical approach, the correlation learning algorithm makes only use of single shot positioning, i.e. it does not consider any signal or estimate history nor a movement model. Despite this clear disadvantage compared to the classical approach,  shows that correlation learning can achieve comparable estimation accuracies in the areas without blockages and strong multipath (in the marked area on the left). Anyways, it clearly outperforms the classical TDOA in the NLOS and multipath areas (marked area on the right).

Observation 7:	Correlation learning requires the availability of the correlation data of a sufficient number of receivers in one central unit.

[image: ]
Figure 4: Estimated trajectories for the displaced rectangles with color coded error for the classical TDOA case on the left and for the correlation learning on the right taken from [3].
For the classical case, the estimators lose the track near and in between the obstacles. However, correlation learning still provides estimates close to the true values as is also indicated by the accuracy measures in . In the table MAE represents the mean absolute error, CEP the circular error probable with 50% threshold, and CE95 the central error probable with probability threshold of 95%.
Although the measurements have been performed in the uplink the results should directly carry over to the downlink case, where the data may be processed in the UE (UE based positioning) or in the LMF (UE assisted positioning). 

Table 2: Horizontal accuracy measures for 80 MHz signal bandwidth taken from [3].
	
	MAE
	CEP
	CE95

	Classical
	Left area (LOS)
	0.15 m
	0.14 m
	0.27 m

	
	Right area (NLOS)
	2.11 m
	1.45 m
	5.29 m

	Correlation learning
	Left area (LOS)
	0.15 m
	0.15 m
	0.28 m

	
	Right area (NLOS)
	0.29
	0.29 m
	0.68 m



Observation 8:	Correlation learning algorithms have the potential to estimate the positions of UEs with higher accuracy in cases of frequent NLOS transmission and strong and dense multipath than classical TDOA approaches. In LOS scenarios classical TDOA can provide highly accurate position estimates.
Proposal 4:	Consider the transmission of the full signal correlation window from the gNBs to the LMF in order enable a joint evaluation, especially, for frequent NLOS.
The correlation data of many UEs to be located consumes a large amount of system bandwidth in the core network and, for UE assisted downlink positioning, even in the NR uplink. Thus, it is beneficial to pre-process the correlation data in the measuring devices for data compression.

Conclusion
Our proposals and observations on NR beam coordination for supporting multi-gNB-measurements are:
Observation 1: 	A multistage approach is capable of enabling multi-site beam coordination for positioning measurements including minimization of inter-cell interference.
Observation 2:  	For positioning SSBs received at low signal level are also useful. 
Proposal 1: 	The positioning requirements shall be taken into account for the selection of the power assigned to the SSBs.

Our proposals and observations on the potential of field strength based methods:
Observation 3:	Fingerprinting-based positioning technology supports well indoor applications for both FR1 and FR2 and is expected to comply with the agreed service levels.
Observation 4:	Currently available simulation models do not fit the evaluation requirements for fingerprinting methods.
Observation 5: 	Several reference signals already defined in the standard are suitable for fingerprinting, which may directly feed a positioning engine for a calibrated area. 
Observation 6:	The signaling aspects have minor impact on RAN1. Therefore design specific procedures and protocols for the signaling of measurement data for positioning purposes in RAN2.
Proposal 2:	Enhance simulation models to ensure special consistency esp. for multi-path and attenuation effects. Add “semi deterministic clusters” to statistical models [4].
Proposal 3: 	Define the measurements useful for finger-printing and define/enhance the related protocols

Our proposals and observations on positioning with learned correlations
Observation 7:	Correlation learning requires the availability of the correlation data of a sufficient number of receivers in one central unit.
Observation 8:	Correlation learning algorithms have the potential to estimate the positions of UEs with higher accuracy in cases of frequent NLOS transmission and strong and dense multipath than classical TDOA approaches. In LOS scenarios classical TDOA can provide highly accurate position estimates.
Proposal 4:	Consider the transmission of the full signal correlation window from the gNBs to the LMF in order enable a joint evaluation, especially, for frequent NLOS.
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