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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
The NR positioning study item with revised version in [1] was agreed in RAN#81. Several aspects need to be discussed in the SI, including requirements, evaluation methodology and positioning techniques. Requirements and evaluation methodology are presented in our companion contributions [2] and [3]. In this contribution, we discuss techniques to meet the requirements of [2], including those already specified in LTE (ECID, OTDOA, UTDOA) as well as NR-specific techniques (angle-based positioning, single-BS positioning, and LOS determination). 

Positioning Techniques
E-CID positioning
With Cell ID (CID) positioning method, the position of an UE is estimated with the knowledge of its serving gNB. The Enhanced Cell ID (E‑CID) positioning refers to techniques that use additional UE and/or NR network radio resource and/or other measurements to improve the UE location estimate. The E-CID positioning exploits the geographical coordinates of the base station, the round-trip time (RTT), the angle information, and the signal quality measurements of the serving cell to estimate the location of UEs.
For the RTT estimation, gNB could reuse the two types of timing advance defined in [4]. Moreover, the estimation of timing synchronization error can be studied to further improve TOA/TDOA measurements. For the angle information, either uplink angle-of-arrival based on SRS or DMRS, or DL angle-of-departure based on SS/PBCH block or CSI-RS can be considered. The signal quality measurements (e.g. RSRP/RSRQ) may provide additional information such as the reliability, distance, or measurement error variance of the corresponding cell. The measurement may then be reported to LMF, which can then provide UE with the calculated position.
The E-CID can be further enhanced by considering other RF measurements associated with each given location. This is referred to as a fingerprint. Mapping the measurement back to derive or narrow-down the positioning results can improve the result based on E-CID (e.g., RFPM [5]). 

OTDOA positioning
General mathematical formulation for trilateration/multilateration
The trilateration/multilateration is performed by computing the intersection of circles (TOA) or hyperbolas/hyperboloids (TDOA). In general, the UE derives the TOA from a couple of base stations using downlink RSs. The TOA can be modeled as a common timing offset between network and UE plus the propagation delay, which is the ratio between the BS-UE distance and the speed of light. TDOA is the difference between TOA so that the common timing offset is cancelled.
Assume:
·  denotes the observed TOA from BS  times the speed of light,
·  denotes the coordinate of BS , 
·  denotes the coordinate of the UE, and 
·  denotes the common timing offset.
Assuming that each  is independently Gaussian-distributed with variance , the mean is . The PDF is given as follows: 
	.
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The maximum likelihood estimation for (1) is equivalent to the LS (least square) estimators for :
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OTDOA
Suppose that  is the TDOA of BS  with respect to BS 1, where BS 1 is the reference cell.  is given by
	.
	(3)


We transform (2) to (4), so that the unknown  is cancelled.
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Taylor expansion or second weighted least square (2WLS) [7] can be used to find the numerical solution of (4).
TOA estimation
For trilateration or multilateration, e.g. OTDOA, the time delay is estimated by detecting the first peak of the correlation between the received signal and the transmitted reference signal. In LTE, the PRS is used for OTDOA estimation and is generated by a random sequence mapped to specific REs. The other REs are set to zero. The time domain PRS transmitted from BS  is denoted by . At UE side, the receive signal is the sum of PRS signals from multiple BSs, each with a time delay :
	
	(5)


where  denotes the channel impulse response with tapped delays, and  denotes the noise sequence. Then, the received signal is correlated with the local sequence  from BS , and the peak of the correlation can be found in (6):
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Finally, the smallest delay corresponding to a correlation above a predefined threshold gives the estimate for TOA of BS , as shown in (7):
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UTDOA positioning
BS uses received sounding reference signal (SRS) sent by UE to derive TOAs using the similar correlation method in OTDOA. Both Taylor expansion and 2WLS can also be used for UTDOA.

Angle-based positioning
Due to the different antenna architectures, the angle-based positioning methods carried out in FR1 and FR2 are described separately in the following subsections, respectively.
FR1
The gNB uses the received SRS sent by the UE to derive the angle of arrival (AOA) of azimuth and zenith using the discrete Fourier transform (DFT) beam method or the multiple signal classification (MUSIC) method for three-dimensional (3D) positioning. The CIR of vertical and horizontal antenna elements can be used for AOA in azimuth and zenith measurement, respectively.
The measured AOA in zenith using DFT beam method can be expressed as 
	.
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 is the  matrix denoting the calibrated channel composed of  samples of the impulse response with  receive antenna elements in vertical direction.  is the  DFT vector used for angle sweeping:
	,
	(9)


where  is searched in the angle-sweeping range. The theoretical derivation of the DFT beam method can be found in [8].
The measured AOA of zenith using the MUSIC method can be expressed as 
	,
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where  is an -dimentional noise subspace in  of the correlation matrix . The theoretical derivation of the MUSIC method can be found in [8].
The estimation of AOA in azimuth by using the DFT beam method can also be expressed in (8).   is changed to the  matrix composed of  samples of the impulse response with  receive antenna elements in horizontal direction. The DFT vector  used for angle sweepingcan be expressed as
	,
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where  is the measured AOA in zenith.
The estimation of AOA in azimuth by using MUSIC method can also be adopted with (11) and (10).
Based on the estimated  and , least square or the particle swarm optimization (PSO) method in [9] may be used to determine UE location.
FR2
For FR2, the angle estimation methods in FR1 cannot be directly applied because the antenna-element-wise received signal is no longer available in digital baseband due to the different RF architecture with multiple antenna elements. In a typical RF front-end architecture shown in Figure 1, the received signals of each antenna element are combined with beamforming weight in analog domain, and a single signal stream is output from the TXRU, typically mapped per panel per polarization. Due to practical limitations (size, spacing, etc.), the classical angle estimation algorithms that rely on the phase difference between the signals observed on each antenna element are no longer applicable in FR2.
[image: ]
[bookmark: _Ref524772456]Figure 1 Hybrid beamforming architecture for FR2
Although the beam direction of the BS serving beam can provide coarse angular information of the UE, to estimate the AOA in analog or hybrid beamforming system, existing algorithms usually search for the AOA direction in which the signal measurement of different RX beams matches the best with the same quantity generated locally considering the RX beam pattern. These methods can be formulated as:
	
	(12)


where  is the signal measurement (e.g. RSRP) observed on the i-th RX beam,  is the channel gain and  is the corresponding quantity generated locally according to the RX beam pattern. To cancel the channel gain, both   and  can be normalized over N beams before computing the cost function.
The method described above can be reciprocally used in DL, since DL have a wider coverage. To be specific, the UE measures and reports the RSRP of DL RSs that are transmitted in different Tx beams, and the network can find the direction of the UE based on the report.

Single-BS positioning
Considering an indoor scenario where a gNB is at the origin [0, 0] and a UE is in an unknown location . There exist a number of paths of the uplink channel, including a LOS path and  reflection paths. The  reflectors are located at coordinates .
The gNB uses the received SRS sent by the UE to obtain the measurements of distances  and AOAs  for every path of the uplink channel, where TOAs are computed by the similar correlation method as done in OTDOA, and AOAs are computed by the MUSIC or the DFT method in angle-based positioning. In this case, the joint conditional probability density function (PDF) of the measured distance vector  and the measured AOA vector , given the hypothesis position of UE  and the hypothesis positions of reflectors , are:
	
	(13)


Here we assume the measured distances and AOAs are independent with each other.  is the distance vector where each component contains the distance from the hypothesis UE to BS for LOS and NLOS propagations.  is the AOA vector set for all paths based on the hypothesis UE’s location and reflectors’ locations. The problem is then to find positions  and  that can maximize the above conditional probability, which is equivalent to the optimization:
	
	(14)


Exhaustively searching the locations has prohibitively high complexity and a simplified solution is to iteratively search UE location and reflector’s locations as given in [10].

Line of Sight determination
The estimated TOA might be used to evaluate the distance between transmitter and receiver by multiplication with speed of electromagnetic waves (speed of light). However, the first peak of the correlation does not necessary corresponds to the line of sight (LoS) propagation between the transmitter and receiver when there is no direct path between transmitter and receiver (non-line of sight NLOS). In the case of NLOS the distance calculated based on TOA overestimates the real distance between transmitter and receiver, which leads to errors in location determination. 
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Figure 2 Illustration of propagation with reflections

It is thus useful to determine if the determined TOA corresponds to LOS or NLOS and select only those measurements corresponding to LOS. 
We note that the reflected wave is affected differently if the plane of polarization is parallel or orthogonal to the reflective surface. The reflectance (intensity reflection coefficient) is the square of the amplitude reflection coefficient. From the Fresnel equations and the Snell’s law one derives the reflectance coefficients for the parallel and orthogonal polarizations as follows:
	

	(15)


where the angle of the incidence at the reflection surface between a first medium and a second medium is , and is the angle of transmission into the second medium. For the electromagnetic wave travelling from a medium of lower to higher index of refraction the difference  is positive.  
From the above laws of physics results in order to determine if a particular wave has suffered a reflection (corresponding to NLOS propagation), one could send two different polarized signals with the same power in the same direction and then observe the changes in the intensity of the received signals. If the received intensities are different for different polarizations the wave suffered at least one reflection, i.e. it is a NLOS wave. 
Proposal 1: Study the NLOS/LOS determination to improve positioning accuracy.

Simulation Results
The simulation setup follows the table in [3] with small changes given in each sub-section. 
OTDOA for FR1 and FR2
The LTE-PRS is used for in InH, UMi, and UMa (only for FR1), based on the simulation assumption in [3], with the following additional assumptions:
· 57-cell layout for UMa and 21-cell layout for UMi
· 100MHz carrier bandwidth for FR1 and 400MHz carrier bandwidth for FR2
· Perfect muting 
· The entire NR-slot reserved for PRS transmission and no PDSCH transmitted 
· Only LOS paths to estimate the TOA
The subfigures (a) and (b) in Figure 3 show the CDF of OTDOA positioning error for FR1 and FR2, respectively. We compared the cases with perfect synchronization and with 50ns synchronization error. Table 1 shows the positioning errors at 40%, 50%, 70%, 80%, and 90%. 
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(a) FR1
	 [image: ] 
(b) FR2


[bookmark: _Ref524772884]Figure 3 CDF of OTDOA error

[bookmark: _Ref524772906]Table 1 Positioning error statistics of OTDOA
	
	40%
	50%
	70%
	80%
	90%

	FR1
	Perfect Sync.
	InH
	1.2m
	1.6m
	3.2m
	4.8m
	8.0m

	
	
	UMi
	0.6m
	0.7m
	1.0m
	1.1m
	1.3m

	
	
	UMa
	0.6m
	0.7m
	0.9m
	1.1m
	1.4m

	
	Sync. Error 50ns
	InH
	17.9m
	21.5m
	39.2m
	36.1m
	46.0m

	
	
	UMi
	11.8m
	14.0m
	18.7m
	21.5m
	26.0m

	
	
	UMa
	11.8m
	14.0m
	16.6m
	21.m
	27.4m

	FR2
	Perfect Sync.
	InH
	0.3m
	0.5m
	0.8m
	2.5m
	7.3m

	
	
	UMi
	0.3m
	0.4m
	0.7m
	1.0m
	2.8m

	
	Sync. Error 50ns
	InH
	12.9m
	15.5m
	23.0m
	29.1m
	38.5m

	
	
	UMi
	14.9m
	18.0m
	29.1m
	40.9m
	59.3m



Under the same conditions, InH shows worse performance than UMi/UMa, because the layout of current InH may cause large GDOP for some UE locations and thus is not suitable for positioning.
[bookmark: _Ref524776776]Observation 1-1: Assuming perfect synchronization and LOS channel only, OTDOA can reach positioning accuracy of 1.0m@70% in the outdoor scenarios and <3.2m@70% in the indoor scenario. This roughly meets the requirements of commercial cases of eMBB.
Observation 1-2: Performance of OTDOA may be compromised and may not meet the requirement of commercial cases for eMBB due to synchronization error.

UTDOA for FR1
SRS is used for UTDOA in InH, UMi, and UMa, based on the simulation assumption in [3], with the following additional assumptions:
· 57-cell layout for UMa and 21-cell layout for UMi
· 100MHz carrier bandwidth
· Only LOS paths to estimate the TOA
Figure 4 shows the CDF of UTDOA positioning error for FR1. We compared the cases with perfect synchronization and with 50ns synchronization error.  Table 2 shows the positioning errors at 40%, 50%, 70%, 80%, and 90%.
 [image: ]
[bookmark: _Ref525221938]Figure 4 CDF of UTDOA positioning error 

[bookmark: _Ref525229702]Table 2 Positioning error statistics of UTDOA 
	
	40%
	50%
	70%
	80%
	90%

	Perfect Sync.
	InH
	1.19 m
	1.49m
	2.99m
	4.37m
	7.43m

	
	UMi
	0.64m
	0.73m
	0.95m
	1.07m
	1.30m

	
	UMa
	0.61m
	0.69m
	0.94m
	1.10m
	1.47m

	Sync. Error 50ns
	InH
	18.1m
	21.9m
	32.2m
	39.7m
	49.9m

	
	UMi
	11.2m
	13.5m
	17.9m
	20.9m
	26.7m

	
	UMa
	11.8m
	13.8m
	19.1m
	23.1m
	29.6m



Under the same conditions, InH shows worse performance than UMi/UMa, because the layout of current InH may cause large GDOP for some UE locations and thus is not suitable for positioning.
Observation 2-1: Assuming perfect synchronization and LOS channel only, UTDOA can reach positioning accuracy of <1m@70% in the outdoor scenarios and <3m@70% in the indoor scenario. This roughly meets the requirements of commercial cases of eMBB.
Observation 2-2: Performance of UTDOA may be compromised and may not meet the requirement of commercial cases for eMBB due to synchronization error.

Angle-based positioning for FR1 and FR2
For FR1, SRS is used for angle-based positioning in InH, UMi, and UMa based on the simulation assumption in [3], with the following additional assumptions:
· 57-cell layout for UMa and 21-cell layout for UMi
· 100MHz carrier bandwidth
· Only LOS paths to estimate the angle
· 8x8 antenna array at the BS to estimate AoAs of azimuth and zenith
The AoAs in azimuth and zenith are measured with the DFT beam method.
For FR2, beamformed DL RS, e.g., LTE-PRS, CSI-RS, or SS/PBCH block, is used for angle-based positioning in InH and UMi based on the simulation assumption in [10], with the following additional assumptions:
· 21-cell layout for UMi and 4-cell layout with a wall-mounted panel for InH
· 400MHz carrier bandwidth
· Perfect muting
· 8x4 bi-polarized antenna panel at the BS to estimate AoDs of azimuth and zenith
· Horizontal boresight of panel at InH
The AoDs of azimuth and zenith are estimated with the full precision RSRP measured at the UE, and 8 beams with largest RSRP are adopted for the estimation.

Figure 5 shows the CDF of angle-based positioning error for FR1. Table 3 shows the positioning errors at 40%, 50%, 70%, 80%, and 90%. 

[image: ] 
[bookmark: _Ref524953379]Figure 5 CDF of angle-based positioning error for FR1

[bookmark: _Ref524953397]Table 3 Positioning error statistics of angle-based positioning for FR1
	
	40%
	50%
	70%
	80%
	90%

	InH
	0.37m
	0.48m
	0.92m
	1.49m
	4.29m

	UMi
	4.15m
	5.17m
	8.18m
	10.6m
	15.6m

	Uma
	4.51m
	5.50m
	9.39m
	13.5m
	48.2m



Observation 3: Assuming perfect synchronization and LOS channel only, angle-based positioning for FR1 can reach a positioning accuracy of <10m@70% in the outdoor scenarios and <1m@70% in the indoor scenario. This meets the requirements of commercial cases for eMBB. 
Figure 6 shows the CDF of angle-based positioning error for FR2. Table 4 shows the positioning errors at 40%, 50%, 70%, 80%, and 90%. 
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[bookmark: _Ref525137195]Figure 6 CDF of angle-based positioning error for FR2

[bookmark: _Ref524954026]Table 4 Positioning error statistics of angle-based positioning for FR2
	 
	40%
	50%
	70%
	80%
	90%

	InH
	0.4m
	0.5m
	1.0m
	1.6m
	8.6m

	UMi
	1.9m
	3.6m
	9.4m
	12.7m
	30.0m



Observation 4: Assuming perfect synchronization and LOS channel only, angle-based positioning for FR2 can reach positioning accuracy of <10m@70% in the outdoor scenario and <1m@70% in the indoor scenario. This meets the requirements of commercial cases of eMBB.
It is worth noting that positioning error of angle-based positioning is not affected by synchronization error, and thus may offer better performance compared to OTDOA/UTDOA when synchronization error is present.

Based on the simulation results, we proposal to study at least E-CID, OTDOA, UTDOA, and angle-based positioning for NR.
Proposal 2: RAN1 should study at least the following positioning techniques: E-CID, OTDOA, UTDOA, and angle-based positioning.

Conclusions
In this contribution, we have provided candidate techniques for positioning, including E-CID, OTDOA, UTDOA, angle-based positioning, and single-BS positioning in FR1 and FR2. The initial simulations have been carried out to evaluate performance of OTDOA, UTDOA, and angle-based positioning. Based on the discussion, we have the following proposals and observations.
Proposal 1: Study the NLOS/LOS determination to improve positioning accuracy
Proposal 2: RAN1 should study at least the following positioning techniques: E-CID, OTDOA, UTDOA, and angle-based positioning.

Observation 1-1: Assuming perfect synchronization and LOS channel only, OTDOA can reach positioning accuracy of 1.0m@70% in the outdoor scenarios and <3.2m@70% in the indoor scenario. This roughly meets the requirements of commercial cases of eMBB.
Observation 1-2: Performance of OTDOA may be compromised and may not meet the requirement of commercial cases for eMBB due to synchronization error.
Observation 2-1: Assuming perfect synchronization and LOS channel only, UTDOA can reach positioning accuracy of <1m@70% in the outdoor scenarios and <3m@70% in the indoor scenario. This roughly meets the requirements of commercial cases of eMBB.
Observation 2-2: Performance of UTDOA may be compromised and may not meet the requirement of commercial cases for eMBB due to synchronization error.
Observation 3: Assuming perfect synchronization and LOS channel only, angle-based positioning for FR1 can reach a positioning accuracy of <10m@70% in the outdoor scenarios and <1m@70% in the indoor scenario. This meets the requirements of commercial cases for eMBB. 
Observation 4: Assuming perfect synchronization and LOS channel only, angle-based positioning for FR2 can reach positioning accuracy of <10m@70% in the outdoor scenario and <1m@70% in the indoor scenario. This meets the requirements of commercial cases of eMBB.
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