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Introduction
[bookmark: _GoBack]For Rel-18, study on expanded and improved NR positioning was approved and followings were captured in SID [1].
	· Positioning support for RedCap UEs, considering the following:
· Evaluate positioning performance of existing positioning procedures and measurements with RedCap UEs[RAN1]
· Based on the evaluation, assess the necessity of enhancements and, if needed, identify enhancements to help address limitations associated with for RedCap UEs [RAN1, RAN2]



In this contribution, we discuss positioning support for RedCap UE. Based on SID [2], the main motivation for RedCap UE is to lower the device cost and complexity compared to high-end eMBB and URLLC devices of Rel-15/Rel-16. The RedCap UE includes wearables, industrial wireless sensors and video surveillance.
Under current considerations, the capabilities of RedCap UEs can be summarized as follows:
· Reduced maximum UE bandwidth (Max. 20 MHz for FR1, Max. 100MHz for FR2)
· Reduced minimum number of UE Rx branches(e.g. 1,2)

Traditional positioning methods, based on the ToA/TDoA estimations with help of PRS sequences are strongly dependent on the signal BW. Such approaches will have poor performance for the RedCap UEs, and the alternative methods should be considered.
Another approach to the positioning is based on the AoA measurement techniques. The main feature of the angular approaches its independence from the signal BW, since we are analyzing phase shifts on the different antenna elements. Here comes the drawback of angular methods – they require having the multiple antenna system at the receiving end. 
However, this burden can be transferred to the TRPs, and for RedCap UEs it is enough to have 1 or 2 antennas.

Angular positioning basics
In application to the wireless communication system, positioning is a procedure aiming the estimation of unknown coordinates of UE under the assumption that the positions of BSs are known. From this point of view the BSs are called the reference nodes or anchors.
Positioning with radio signals can be achieved with a number of approaches. All of them fall in either the trilateration (sometimes called multilateration, Figure 1) or triangulation (Figure 2) category. The fundamental principle of trilateration is to find the unknown position of UE based on range measurements between the UE and the set of BSs. The fundamental principal of triangulation is find the unknown position of UE based on measurements of angular directions from the UE toward the set of BSs or vice versa.
[image: ]
Figure 1 Trilateration-based positioning
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Figure 2 Triangulation-based positioning
Both trilateration and triangulation can exploit different parameters of the received radio signal. As shown in Figures 1 and 2 various signal domains such as power, time, angular and others can be put into consideration. This leads to a number of measurement methods, e.g., the received signal strength (RSS), time-(difference-) of-arrival (ToA/TDoA), angle-of-arrival (AoA) etc. It worth to note the variations of practical implementation of theoretical approaches are possible. E.g., ToA approach can be implemented as a round trip time (RTT) technique. The hybrid solutions like joint use of time and angle information are also feasible.
One can highlight the mentioned approaches have some advantages and drawbacks. First of all, the trilateration is inherently nonlinear problem. Geometrically (in 2D space), under the assumption of error-free measurements it seeks the point where three or more circles or hyperbolas are intercept. Instead of the trilateration, the triangulation is a linear problem. Under the assumption of error-free measurements it determines the UE position as the interception point of two or more straight lines.
From the simplicity of implementation point of view the RSS-based positioning is an attractive approach. However, its performance drastically decreases in the multipath channels. The ToA approach allows attaining high ranging accuracy in the multipath channels if the appropriate signal bandwidth is provided. However, the ToA requires all BSs and UE to be synchronized. This demand can be made less stringent by switching to the TDoA but with the cost of larger number of reference nodes is required. The carrier phase (CP)-based technique potentially yields the extremely high positioning accuracy but the integer ambiguity problem must be resolve first. In turn, it implies involving more inputs such as several carriers and/or more reference nodes.
It should be highlighted that the AoA-based positioning imposes much more relaxed requirements on the signal bandwidth compared with the T(D)oA. Therefore, this technique can be attractive for the positioning of RedCap UEs. As mentioned before, another advantage of the triangulation is that the one less reference node is required.
Observation 1: AoA-based positioning imposes little requirements on the bandwidth.
One can note the AoA is the direction of propagation of a radio-frequency wave incident on an Rx antenna. Therefore, the performance of AoA-based positioning is significantly influenced by multipath. Another downside of AoA-based approach is a need for specific hardware to perform AoA estimation. Whereas various methods of AoA estimation exist they can be labeled as either amplitude- or phase-based techniques. Taking into account the hardware should fit both communication and positioning tasks, the phase-based techniques are of most interest. The implementation of the corresponding approach implies the use of multi antenna systems, antenna arrays in particular.
Observation 2: AoA-based positioning requires additional hardware at Rx end, antenna array specifically.

Potential performance impairment factors
· Multipath
The AoA is the direction of propagation of a radio-frequency wave incident on an Rx antenna. If besides the wanted wave corresponding to the LOS path other waves (due to the multipath propagation) are received, the angle estimate may be skewed.
If the power of the unwanted component(s) is much lower than the power of the LOS component, simple approaches like beam steering may provide acceptable performance still. However, if the power of unwanted component(s) is compatible with the power of LOS component, the AoAs of those component(s) need to be also estimated and taken into account. In the case the angular distance between the wanted and unwanted components is less than the antenna array beamwidth, the implementation of super-resolution algorithms may help.
· Dynamic UEs
As we can see the AoA estimation algorithm in Appendix A, the spatial correlation matrix is a key to AoA estimation. It is straightforward to understand that in practice only the estimate of that matrix is available. The estimation of the correlation matrix is performed using available time samples either in time or frequency domain. In the case UE is dynamic the corresponding channel is not static anymore. In other words, the finite channel correlation time should be taken into consideration. Hence, the time available for the matrix estimation is limited and the angle estimation performance may be compromised.
· Uncertainty in the antenna array manifold
The array manifold is the response of antenna array to a plane wave of unit amplitude arriving from the arbitrary angular direction. For the ideal uniform linear array (ULA) consisting of identical isotropic elements the array manifold is set by equation (4). One can note that difference in the real and expected array manifolds may lead to the distortion of AoA estimate even in the pure LOS case. Such an influence is known to stronger for the super-resolution methods.
The practical approach to the array manifold characterization is a calibration. The calibration is performed at the production stage and should provide the real amplitude and phase responses in the whole bandwidth. The measured values are stored and next applied for the correction during the AoA estimation procedure. However, some residual uncertainty in the array manifold e.g. due to the temperature variation, aging etc. are still possible and may affect the angle estimation performance.
· Uncertainty in the antenna array adjustment
The AoA-based positioning uses the angle estimates which are assumed to be referenced to some specific directions (e.g. to the North in the horizontal plane). However, the adjustment errors due to imperfect initial adjustment or some mechanical impacts like vibration are possible. One can note the adjustment errors are translated to the positioning errors.

Preliminary simulation results
The presented simulation results do not take into account such limiting factors as dynamic UEs, uncertainty in the antenna array manifold and its adjustment. The multipath is taken into account but no super-resolution algorithm is applied to UL AoA estimation.
The simulation assumptions are summarized in Table 1.
[bookmark: _Ref115363200]Table 1 Simulation assumptions
	Parameter
	

	Channel model 
	TS 38.901 / InF-SH

	Single carrier frequency, or multiple carrier frequencies, GHz
	3.5 GHz

	Bandwidth, MHz
	5 MHz

	Subcarrier spacing, kHz
	30 kHz

	Positioning method
	AoA

	UE position calculation algorithm (e.g. Least squares, Taylor series, …)
	LS

	Network synchronization assumption (e.g., 0ns, 10ns ..)
	0ns

	UE/TRP Initial phase offset 
	Ideal

	CFO/Doppler
	None


To perform UL AoA-based positioning, each BS (Rx) is assumed to be equipped with the uniform linear antenna array consisting of N isotropic elements with the inter element spacing equal to dλ=0.5. The UE (Tx) is assumed to be equipped with a single isotropic element. To simulate 2D scenario the heights of UE and all BSs are taken the same and equal to 8 m.
As the set of 18Bs are used for the positioning, different approaches to the selection of restricted number of links (UE-BS) are considered. To select the best links a metric based on the analysis of the phase of the principal eigenvector (of the correlation matrix) has been developed. To further increase the positioning accuracy the additional selection of the best link combination from the set of 4 or 3 best links based on the outlier detection has been performed.
Observation 3: The UL AoA-based positioning accuracy can be enhanced by link selection.
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Figure 4 2D AoA positioning accuracy


Table 2 NR AoA positioning – horizontal accuracy
	 [Scenario]
[additional descriptions]

	50%
	67%
	80%
	90%

	InF-SH
BW=5 MHz
Perfect channel knowledge
2 out of 3 best links
	0.041
	0.076
	0.177
	0.527



Observation 4: UL AoA-based positioning potentially allows reaching decimeter accuracy for RedCap (low BW) users in InF scenario.
Proposal 1: Further study on the accuracy of AoA-based positioning taking into account various hardware/algorithm configurations and the performance impairment factors.

Conclusion 
In this contribution, we discussed angular approach to the positioning for RedCapUE, and our proposals are summarized below:
Observation 1: AoA-based positioning imposes little requirements on the bandwidth.
Observation 2: AoA-based positioning requires additional hardware at Rx end, antenna array specifically.
Observation 3: The UL AoA-based positioning accuracy can be enhanced by link selection.
Observation 4: UL AoA-based positioning potentially allows reaching decimeter accuracy for RedCap (low BW) users in InF scenario.
Proposal 1: Further study on the accuracy of AoA-based positioning taking into account various hardware/algorithm configurations and the performance impairment factors.

Reference
[1] RP-213588, ‘Revised SID on Study on expanded and improved NR positioning”, Intel
[2] RP-202933, ‘New WID on support of reduced capability NR devices”, Ericsson

Appendix A
The AoA-based positioning can be split in two steps. The first step is AoA estimation. It can be performed e.g. by a linear algorithm such as beam steering. The beam steering is known to have limited angular resolution which coincides with the antenna pattern beamwidth and is determined by the size of antenna aperture. This may be a crucial drawback in multipath channel. Nonlinear AoA estimation (super-resolution) algorithms can be considered to overcome the limitation on angular resolution. Among others, non-parametric Capon’s estimator or parametric MUSIC estimator can be mentioned.
The description of AoA estimation algorithms can be unified by the introduction of the spatial correlation (covariance) matrix M and the notation of angular resolution function η. Subject to uniform linear antenna array consisting of N isotropic antenna elements with the inter element spacing (in wavelengths) equal to dλ is considered, the beam steering algorithm can be described as
					(1)
Capon’s method is
					(2)
MUSIC is
					(3)
where
 				(4)
and Ψ is a projection matrix (derived from matrix M) on the noise subspace.
Taking equations (1)-(3) into account, one can estimate the AoA as
.					(5)
It is worth to mention equations (1)-(3) give AoA estimates under the assumption of 2D space. The approach can be generalized to 3D space. If 3D space is considered, AoA estimates in the horizontal and vertical planes are the azimuth and the elevation, accordingly.

The second step of the AoA-based positioning is a positioning itself. Given the estimate of AoA as seen at BS is provided, the unknown UE position is a point on the straight line which crosses the BS and has a slope determined by AoA.
Let the number of reference nodes be L and the set of corresponding coordinates is {xi, yi}. For each BS the equation of the straight line is
. 			(6)
Taking L BSs into account one can form a system of linear equations so that
 					(7)
Where γi is a known constant value introduced as
 						(8)
Solving system (8) for (x,y) one can find the estimate of UE position on horizontal plane. In the case L>2 system (8) is overdetermined one and it is known can be solved by the least squares method. This method leads to estimate of UE position in the form
 			(9)
The obtained result is illustrated in Figure 3. It is worth to mention the positioning accuracy (among other factors) is affected by the relative location of the UE and the BSs. This phenomenon is also known as geometric dilution of precision (GDOP).
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Figure 3 Triangulation as LS solution
As soon as the position of UE on the horizontal plane is found, one can easily derive its height involving information about the reference nodes coordinates and the corresponding elevations. Using the measurements from ith BS the estimate of z-coordinate is given as
 					(10)
Where φi is an estimate of elevation, d2Diis an estimate of 2D distance between UE and BS, zi is z-coordinate of BS. The final estimate of UE’s height can be obtained by the averaging of values forming set (10).
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