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Introduction
[bookmark: _Hlk510705081]As part of the recently approved WID [1], RAN1 has the following objectives related to measurements for NR positioning:
Define UE measurements based on DL reference signals applicable for NR positioning. The following UE measurements are specified for serving, reference, and neighboring cells [RAN1]
· DL RSTD (reference signal time difference) measurements for NR positioning
· DL RSRP (reference signal received power) measurements for NR positioning
· UE RX-TX time difference measurements for NR positioning
Define gNB measurements based on UL reference signals applicable for NR positioning. The following gNB measurements are specified [RAN1]:
· UL RTOA (relative time of arrival) measurements for NR positioning
· UL Angle of Arrival (AoA) measurements (including Azimuth and Zenith Angles) for NR positioning
· UL RSRP (reference signal received power) measurements for NR positioning
· gNB RX-TX time difference measurements for NR positioning

This contribution discusses the various measurements for NR Positioning and proposes definitions for new measurements that are needed. For Nokia’s view on the downlink and uplink reference signal design for NR positioning see [2-3]. In addition, see our companion contributions [4] for our views on physical layer procedures for NR positioning respectively. 
Discussion
[bookmark: _Hlk4508044] UE measurements for positioning   
The time difference between the received signal and the transmited signal at the UE side has been agreed to be introduced. This was previously specified in LTE, however there it was just for the serving cell. In NR it was agreed to be introduced for both the serving and neighbor cells. 
Proposal 1: Adopt the following definition for UE Rx-Tx Time Difference:
	Definition
	The UE Rx – Tx time difference for cell j is defined as TUE-RXj – TUE-TX

Where:
TUE-RXj is the UE received timing of downlink reference signal #i from cell j, defined by the first detected path in time.
TUE-TX is the UE transmit timing of uplink reference signal #i. 

	Applicable for
	RRC_CONNECTED intra-frequency



Note: The reference point for this definition has a previous agreement in place. 

Reference signal time difference (RSTD) has been agreed to be introduced in NR Rel-16. RSTD was specified in LTE. The main difference in NR is that the DL PRS (or other RS) may be beamformed and beam swept. In other words, the RSTD measurement was simply between two cells in LTE where in NR it may be between two beams. This complicates the definition slightly for RSTD. There may be advantages for the RSTD measurement to be at a beam level (e.g., diversity purposes, hybridization with RSRP, etc).
Observation 1: The RSTD measurement needs to take the potential beamforming of the DL PRS into account for NR. 
In RAN1#96-bis an agreement was reached on the definition of a resource set. Further at RAN1#97 the following agreement on the definition of RSTD was made
	Agreement:
Select one (or more) of the following options for the definition of the RSTD
· Option 1: RSTD is defined as the time difference with respect to the subframe timings associated with the different TPs;
· Option 2: RSTD is defined as the time difference with respect to the timings associated with the DL PRS resource sets of different TPs
· Option 3: RSTD is defined as the time difference with respect to the timings associated with the DL PRS resources of different TPs
Note: Definition of the RSTD applies at least to the RSTD measurements obtained from DL PRS. It does not preclude the RSTD obtained from other DL RS.



Proposal 2: The RSTD measurement should be defined between two DL PRS resources from two different DL PRS resource sets (option 3 of prior agreement). 
Defining the RSTD measurement between a pair of resources from different resource sets means that the RSTD will correspond to a pair of beams from two different TRPs. This is what we need for DL positioning methods. The details of the UE reporting of RSTD can be determine later but the definition of RSTD between resources will lead to the highest flexibility in UE reporting. 
Observation 2: Defining the RSTD measurement between DL PRS resources grants a high level of flexibility for UE reporting of RSTD.   
For example if a UE is measuring the RSTD from two TPs, each with their own DL PRS resource set, and each TP uses two different beams this has four combinations of PRS resources that could be used to form the RSTD. If the RSTD is only defined at the resource set level then which combination to use will be left to UE implementation. Having the potential for additional flexibility in the UE reporting of RSTD will be benefical. In the case of hybrid positioning with for example DL-TDOA and DL-AoD the network may require the UE to measure/report the RSTD between different pairs of beams. 
Proposal 3: Adopt the following definition of RSTD in NR: 
	Definition
	The relative timing difference between the neighbor cell j reference signal sent with resource ID k and the reference cell i reference signal sent with resource ID l, defined as TRxjk – TRxil, where: TRxjk is the time when the UE receives the start of one slot from cell j sent with resource ID k and TRxil is the time when the UE receives the corresponding start of one slot from cell i sent with resource ID l. 

	Applicable for
	RRC_CONNECTED intra-frequency
RRC_CONNECTED inter-frequency




Note: The reference point for this definition has a previous agreement in place. 
As discussed in our previous contribution [5], there is benefit to have positioning support for UEs in RRC IDLE and RRC INACTIVE mode. In many deployments the DL PRS configuration may be static and UEs can save the DL PRS configuration information before moving to RRC IDLE or RRC INACTIVE mode. 
Proposal 4: Include RRC IDLE and RRC INACTIVE mode as applicable states for measurement of RSTD.
gNB measurements for positioning
The relative time of arrival measurement (RTOA) has agreed to be introduced for NR. This measurement was specified in LTE. In LTE the measurement was specified for the location measurement unit (LMU) to make. The LMU (or NR equivalent) is still under discussion in 3GPP, and this decision is out of RAN1 scope. Therefore, a definition that just refers to a receiving node is preferable at this stage. The receiving node can be understood to be a gNB or any future network function that is expected to make positioning measurements (e.g., NR LMU or equivalent) not a UE. See Section 2.3 for an additional discussion on the scope of the RTOA measurement. 
Proposal 5: Adopt the following definition of RTOA: 
	Definition
	The Relative Time of Arrival (TRTOA) is the beginning of slot i containing SRS or PRS received at receiving node j, relative to a configurable reference time. 


Note: The reference point for this definition has a previous agreement in place. 
It was agreed that an uplink reference signal received power (UL-PRS-RSRP) measurement would be introduced. The current DL definitions of RSRP can be used as a baseline for the UL-PRS-RSRP definition. 
Proposal 6: Adopt the following definition for UL-PRS-RSRP: 
	Definition
	UL reference signal received power (UL-PRS-RSRP), is defined as the linear average over the power contributions (in [W]) of the resource elements of the antenna port(s) that carry an UL PRS configured for RSRP measurements within the considered measurement frequency bandwidth in the configured UL RS occasions.

For frequency range 1, the reference point for the UL-RSRP shall be the antenna connector of the receiving node. For frequency range 2, UL-RSRP shall be measured based on the combined signal from antenna elements corresponding to a given receiver branch. For frequency range 1 and 2, if receiver diversity is in use by the gNB, the reported UL-RSRP value shall not be lower than the corresponding UL-RSRP of any of the individual receiver branches.

	Applicable for
	RRC_CONNECTED intra-frequency,
RRC_CONNECTED inter-frequency



NOTE 1:	The number of resource elements within the considered measurement frequency bandwidth and within the measurement period that are used by the gNB to determine UL-PRS-RSRP is left up to the gNB implementation with the limitation that corresponding measurement accuracy requirements have to be fulfilled.
NOTE 2:	The power per resource element is determined from the energy received during the useful part of the symbol, excluding the CP.
The time difference between the received signal and the transmited signal at the gNB side has been agreed to be introduced. This was previously specified in LTE, however there it was just for the serving cell of a particular UE. In NR it was agreed to be introduced for both the serving and neighbour cells of a given UE. 
Proposal 7: Adopt the following definition for gNB Rx-Tx Time Difference:
	Definition
	The gNB Rx – Tx time difference for UE j is defined as T gNB-RXj – TgNB-TX

Where:
T gNB-RXj is the gNB received timing of uplink reference signal #i from UE j, defined by the first detected path in time.
The reference point for TgNB-RX shall be the Rx antenna connector.
T gNB-TX is the gNB transmit timing of downlink reference signal #i.


 Note: The reference point for this definition has a previous agreement in place. 
Angle measurements
In LTE the angle of arrival is defined as an azimuth angle in TS 36.214 [6] in the following way:
	Definition
	AoA defines the estimated angle of a user with respect to a reference direction. The reference direction for this measurement shall be the geographical North, positive in a counter-clockwise direction.
The AoA is determined at the eNB antenna for an UL channel corresponding to this UE.



It was proposed to measure additionally a zenith angle for three-dimensional positioning including the vertical position. The resulting coordinate system is a spherical coordinate system as shown in Figure 1 with polar (zenith) angle  measured relative to the vertical polar axis (z-axis) and azimuth angle  relative to the geographical north corresponding to the x-axis.








[bookmark: _Ref4689890]Figure 1: Coordinate system with azimuth angle as defined in LTE extended by a zenith angle
[bookmark: _Hlk7693061]Positioning methods using measurements of different kind like distances and angles and/or measurements from multiple sites require reporting of quality metrics along with the measurement for proper weighting of the individual measurements when calculating the position estimate. The quality metric is typically a second order statistic of the measured quantity. For a single quantity it can be a variance and for multiple quantities it can be a covariance matrix. For an angle measurement with azimuth and zenith angle a covariance matrix with respect to the two angles can be used. The covariance matrix together with the measured angles describes the probability density function of the measurement. The curves with equal probability describe a kind of uncertainty area of the measurement. For angular measurements the uncertainty in one direction can be larger than the uncertainty in another direction, e.g., due to different dimensions of the antenna array performing the angle measurement. E.g., a tall vertical antenna array with a large vertical size and a small horizontal size has a larger uncertainty for the horizontal azimuth measurement than for the vertical zenith angle measurement. An alternative to reporting a covariance matrix could be reporting of the parameters of a Kent pdf. In both cases the reporting of the quality metric requires a coordinate system.
For further discussion and proposals on reporting quality metrics see section 2.4 titled Quality metrics.
The mapping between spherical coordinates  and cartesian coordinates  has a singularity for  and . This means that, e.g.,  and the derivatives of  with respect to  and  are not defined on the z-axis. This is a problem when we try to estimate the impact of angle measurement errors on the positioning accuracy on that axis or when reporting measurement uncertainties. For a horizontal antenna array, which could, e.g., be mounted at the ceiling of a factory hall for indoor positioning, this singularity would be in the center of the measurement area immediately below the antenna array.
At the singularity the direction itself is uniquely defined by the angle . The angle  is undefined. Therefore, in this direction it is not possible to define a covariance matrix with respect to  and . This means that it is also not possible to describe a two-dimensional area of uncertainty with different size in two angular directions in this coordinate system.
Observation 3: The mapping between the spherical coordinate system with azimuth defined as in [5] and a cartesian coordinate system used for position estimates has a singularity at  and , which is immediately above and below the antenna position. For horizontal antenna arrays used, e.g., at the ceilings of factory halls this is in the center of the measurement area and causes problems when studying the impact of measurement errors on the positioning accuracy or when reporting measurement uncertainties.
A solution is to use a rotated spherical coordinate system adapted to the orientation of the antenna array used for angle measurements in certain deployments. Figure 2 shows an example for a horizontal antenna array with polar angle  measured relative to a horizontal x-axis and the angle  measured relative to a horizontal y-axis.







[bookmark: _Ref4689255]Figure 2: Proposed coordinate system for horizontal indoor antenna arrays
Using such a rotated coordinate system allows the reporting of two measured angles as well as the corresponding covariance matrix on the vertical axis which goes through the center of the measurement area of a horizontal antenna array.
Proposal 8: Allow the use of rotated coordinate systems which are adapted to the orientation of the antenna arrays in special deployments (e.g., horizontal indoor antenna array) for reporting angle measurements and corresponding quality metrics.
In general, the following two-step procedure can be used to derive the rotated coordinate system:
1. Rotate the coordinate system in Figure 1 by an angle  counterclockwise around the z-axis. This moves the reference direction for measuring the angle  away from geographic north.
2. Tilt the polar axis by an angle  towards the new reference direction defined by .
The new rotated coordinate system is defined by the two angles  and . The example in Figure 2 corresponds to  and . The polar axis of the rotated coordinate system is here in a horizontal plane and points to geographic north (direction of the x-axis).
The advantage of using rotated coordinate systems is that the singularity of the spherical coordinate system is now outside of the measurement area in the plane of the antenna array, which allows for better reporting of both angular measurements and measurement uncertainties.
Multi-cell RTT
The multi-cell round trip time (RTT) has been agreed to be specified as part of Rel-16. In this section we discuss the multi-cell RTT solution. The UL hearability could be a potential bottleneck to limit the usage of multi-cell RTT based positioning technology. The TOA estimation accuracy of UL signals is a challenge for far neighbour cells due to relative low transmit power at the UE side. Furthermore, for FR2, there exists a large difference between DL and UL link budget (e.g., up to 25dB for 28GHz system). The difference further decreases the hearability for UL signalling compared with the DL signalling. In addition to the link budget difference a UE may also beamform its transmission at FR2. Without proper beam management between the UE and a neighbour cell, the hearability of UL signalling further decreases.
One potential way to overcome the UL hearability problem is to use the serving gNB as a relay for the UE to still estimate the propagation delay between the neighbour gNB and the UE even if the neighbour gNB can’t receive the UE UL signal. Figure 1 shows an example of this solution. 
If the neighbour gNB starts measuring the time from sending the DL PRS to the time it receives the serving gNB RS there are 5 components that make up this total time:
1. Propagation delay from neighbor gNB to UE (desired estimate)
1. UE rx-tx time difference (already measured and reported to LMF) 
1. Propagation delay from UE to serving gNB (already measured and reported to LMF) 
1. gNB rx-tx time difference (already measured and reported to LMF)
1. Propagation delay from serving gNB to neighbor gNB (known based on locations of gNBs)

The propagation delay between the UE and the serving gNB is estimated as part of multi-RTT, e.g., based on serving gNB Rx-Tx timing difference measurement and UE Rx-Tx timing difference measurement. Furthermore, the LOS propagation time between the gNBs is known (based on their positions). Therefore, after receiving a RS from the serving gNB the propagation time between the UE and the neighbour gNB can be estimated as the only component of the total time not known or estimated is the desired estimate. One option for the RS to be used could be the SSB of the serving cell as an example.  
[image: ]
Figure 3: Example of RS transmission scheme for overcoming UL hearability for multi-cell RTT.
In particular at FR2, this can be an effective way to overcome the UL hearability problem. The impact to the specification to realize this is quite minor as well. Only one additional measurement would need to be introduced. 
Proposal 9: Introduce a TOA measurement at the gNB for a reference signal from another gNB. FFS the exact RS to be used.
The received time of arrival (RTOA) measurement has already agreed to be specified as part of normative work. While it is going to be specified at least for SRS it could easily be adapted to include the possibility of measuring RTOA based on a RS from another gNB (e.g. SSB or PRS).
Proposal 10: Include RS from another gNB in the measurement definition of RTOA when specified. This measurement can be configured as part of multi-cell RTT. FFS the exact RS to be included. 
Quality metrics 
At RAN1#97 the following agreement was reached:
	Agreement:​
· Support reporting separate metric(s) corresponding to quality of each of the following measurements:
· RSTD​
· UE Rx-Tx time difference​
· UL-RTOA​
· gNB Rx-Tx time difference​
· UL angle of arrival, including the azimuth of arrival (AoA) and the zenith of arrival (ZoA)
· FFS: The details of these quality metrics










1.1.1 Timing measurements
Quality metrics were defined in LTE for some positioning measurements [5]. In particular for RSTD the quality metric had three fields: error-Resolution, error-Value, and error-NumSamples. These fields can be used as a baseline for the discussions for the NR Quality Metrics. The ‘error-Resolution’ field was used to vary the granulatiry of the reported estimated error value. The ‘error-Value’ field was used to give an estimate of the uncertainty of the RSTD measurement. The ‘error-NumSamples’ field was used to indicate the sample size used to generate the uncertainty to the location server. It is possible that additional fields could be added for the NR quality metric for RSTD and other timing measurements.
There are some key differences for the quality metrics that should be introduced for NR compared with LTE. 
Observation 4: The reporting resolution of quality metrics needs to fit the higher accuracy use cases of NR. 
In multi-cell RTT if the resolution of UE Rx-Tx time difference is much higher than that of RSTD then the metrics will not be very useful for positioning calculations. The quality metrics are reflective only of the reporting capability and have no bearing on the requirements for specific measurement accuracy. 
Proposal 11: The reporting resolution of quality metrics for UE Rx-Tx time difference, gNB Rx-Tx time difference, RTOA, and RSTD should be of the same granularities.  
1.1.2 Angular measurements
New quality metrics are required for UL angle of arrival measurements. A measurement comprises two angles, the azimuth of arrival (AoA) and the zenith of arrival (ZoA). In general, the errors of the two angle measurements are correlated. They are only uncorrelated in special cases where the axes of the error distribution depending on the antenna geometry are aligned with the coordinate curves.
Observation 5: In the general case the measurement errors of azimuth of arrival (AoA) and zenith of arrival (ZoA) are correlated.
The measurement errors can be characterized by a two-dimensional probability density function (PDF). In the following we describe two different options.
The most frequently used PDF is that of the Gaussian distribution. For a vector  the elements of which are the two measured angles it can be written as 

 is the mean value and  is the 2x2 covariance matrix. Assuming that the mean of the Gaussian error is zero, it is fully characterized by the covariance matrix alone. Due to its symmetry, the covariance matrix can be described by 3 real valued parameters.
Observation 6: Using a Gaussian PDF for characterizing zero-mean angle measurement errors for azimuth and zenith angles requires reporting of three (quantized) real values.
The natural way of defining a PDF for measurements of two angles, which correspond to points on the surface of the 3-dimensional unit sphere, is the Kent distribution. It is defined by its PDF

 describes the concentration or spread and  the ellipticity. Both of them are real-valued. The vector  is the mean direction, i.e., the three dimensional unit vector pointing to the point on the surface of the sphere that corresponds to the two angles, and vectors  and  are the major and minor axis respectively. The vectors , ,  are three-dimensional real-valued vectors and form together an orthonormal real-valued 3x3 matrix . Because the matrix is orthonormal, it can be fully described by 3 real-valued parameters. Note that the vector  is here also a three-dimensional unit vector, which defines a point on the surface of the sphere corresponding to the two angles in the spherical coordinate system. Assuming that the measurement values of the two angles have already been reported and the mean of the measurement error is zero, there is no need to report  again.  contains just two independent coordinates because it is normalized to unit length. The remaining parameters to be reported for characterizing the measurement errors are , ,  and . Since the normalized vectors  and  are mutually orthogonal and orthogonal to , they are fully characterized by a single real valued parameter. Together with  and  we have to report 3 real-valued parameters, which can of course be quantized.
Observation 7: Using a Kent PDF for characterizing zero-mean angle measurement errors for azimuth and zenith angles requires reporting of three (quantized) real values. This is the same amount of reporting information as for the covariance matrix of a Gaussian PDF.
An advantage of the Kent distribution is that it is less impacted by the nonlinearities of the spherical coordinate system than the Gaussian covariance matrix.
Proposal 12: Study different options like a Gaussian PDF or a Kent PDF for defining a quality metric for two-dimensional angle measurements and define the quality metric to be used for reporting.
Conclusion
In this contribution we make the following observations:
Observation 1: The RSTD measurement needs to take the potential beamforming of the DL PRS into account for NR. 
Observation 2: Defining the RSTD measurement between DL PRS resources grants a high level of flexibility for UE reporting of RSTD.   
Observation 3: The mapping between the spherical coordinate system with azimuth defined as in [5] and a cartesian coordinate system used for position estimates has a singularity at  and , which is immediately above and below the antenna position. For horizontal antenna arrays used, e.g., at the ceilings of factory halls this is in the center of the measurement area and causes problems when studying the impact of measurement errors on the positioning accuracy or when reporting measurement uncertainties.
Observation 4: The reporting resolution of quality metrics needs to fit the higher accuracy use cases of NR. 
Observation 5: In the general case the measurement errors of azimuth of arrival (AoA) and zenith of arrival (ZoA) are correlated.
Observation 6: Using a Gaussian PDF for characterizing zero-mean angle measurement errors for azimuth and zenith angles requires reporting of three (quantized) real values.
Observation 7: Using a Kent PDF for characterizing zero-mean angle measurement errors for azimuth and zenith angles requires reporting of three (quantized) real values. This is the same amount of reporting information than for the covariance matrix of a Gaussian PDF.
In this contribution we make the following proposals. For brievty we leave out the definition boxes and ask the reader to refer to the main text above. 
Proposal 1: Adopt the following definition for UE Rx-Tx Time Difference
Proposal 2: The RSTD measurement should be defined between two DL PRS resources from two different DL PRS resource sets (option 3 of prior agreement). 
Proposal 3: Adopt the following definition of RSTD in NR: 
Proposal 4: Include RRC IDLE and RRC INACTIVE mode as applicable states for measurement of RSTD.
Proposal 5: Adopt the following definition of RTOA: 
Proposal 6: Adopt the following definition for UL-PRS-RSRP: 
Proposal 7: Adopt the following definition for gNB Rx-Tx Time Difference:
Proposal 8: Allow the use of rotated coordinate systems which are adapted to the orientation of the antenna arrays in special deployments (e.g., horizontal indoor antenna array) for reporting angle measurements and corresponding quality metrics.
Proposal 9: Introduce a TOA measurement at the gNB for a reference signal from another gNB. FFS the exact RS to be used.
Proposal 10: Include RS from another gNB in the measurement definition of RTOA when specified. This measurement can be configured as part of multi-cell RTT. FFS the exact RS to be included. 
Proposal 11: The reporting resolution of quality metrics for UE Rx-Tx time difference, gNB Rx-Tx time difference, RTOA, and RSTD should be of the same granularities.  
Proposal 12: Study different options like a Gaussian PDF or a Kent PDF for defining a quality metric for two-dimensional angle measurements and define the quality metric to be used for reporting.
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