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Introduction
The RAN WG approved study item on NR Positioning Enhancements [1]. The study item includes the following objective:
	Identify and evaluate positioning techniques, DL/UL positioning reference signals, signaling and procedures for improved accuracy, reduced latency, network efficiency, and device efficiency.
Enhancements to Rel.16 positioning techniques, if they meet the requirements, will be prioritized, and new techniques will not be considered in this case. [RAN1, RAN2]


In this contribution, we continue discussion on potential enhancements for I-IoT NR Positioning considering agreements made by RAN WG1 at the RAN1#102E meeting. Our views on other topics are provided in companion contributions [2] - [3].
Potential NR Positioning Enhancements
DL Reference Signals
DL PRS Physical Structure
The Rel.16 design provides rich capability of multiplexing for the positioning signals in time (across different symbols/slots), frequency (across different RE patterns) and code domains (different sequences/cyclic shifts). In Rel.16 it was agreed to support DL PRS reference signals with the different combinations of the PRS lengths and comb sizes {LPRS, KcombPRS}, including the following configurations {2,2}, {4,2}, {4,4}, {6,2}, {6,6}, {12,2}, {12,4}, {12,6}, and {12,12}.
In addition to the existing configurations, we would like to propose Comb-4 and Comb-6 for two symbols DL PRS resource, i.e. add {2,4} and {2,6} to currently supported configurations. The greater comb sizes for a smaller number of PRS symbols allows for higher degree of signal multiplexing, that can be beneficial in the highly dense environments. However, performance analysis is required, especially in the interference scenarios, since it reduces the number of signal observations, that potentially can be combined to extract a signal processing gain.
Further optimization of the number of PRS symbols and support of the 1-symbol PRS to our view does not provide an essential latency reduction. At the same time, it may increase the complexity of implementation by reduction of the time budget available for the signal reception.
[bookmark: _Hlk53490318]

Support Comb-4 and Comb-6 for two symbols DL PRS resource configuration

DL PRS Transmission Schedule
One of the drawbacks of the Rel.16 DL PRS transmission schedule is that a set of colliding TRPs/gNBs does not change over the DL PRS transmission time periods, unless muting is applied. The DL PRS muting mechanism improves performance, however, it happens at the expense of an extra latency and reduced density of transmissions on the same frequency resources.

[bookmark: _Hlk53490328] 
Support new DL PRS transmission schedules aiming to randomize a set of TRPs/gNBs transmitting in the same set of resources

DL PRS Allocation
The following agreement was made by RAN WG1 with respect to DL PRS resource allocation at the RAN1#102E meeting:
	Agreement:
Semi-persistent and a-periodic transmission and reception of DL PRS will be investigated in Rel-17.
· FFS: the details on when and how to enable semi-persistent and a-periodic DL PRS
· FFS: to be supported for which positioning methods, e.g.,
· UE-assisted and/or UE-based positioning
· DL positioning and/or Multi-RTT
On-demand transmission and reception of DL PRS will be investigated in Rel-17.
· FFS: the details on when and how to enable on-demand DL PRS
· FFS: to be supported for which positioning methods, e.g.,
· UE-assisted and/or UE-based positioning
· DL positioning and/or Multi-RTT
Notes: 
· Semi-persistent means MAC-CE triggered
· Aperiodic would correspond to DCI-triggered
· On-demand corresponds to the UE-initiated or network-initiated request of PRS and/or SRS. So, it is NOT the same as whether PRS is DCI-triggered or MAC-CE triggered. It is about UE or LMF request/suggesting/recommending specific PRS pattern, ON/OFF, periodicity, BW, etc. 


The support of semi-persistent and aperiodic DL PRS seems to be the only option to have a tradeoff in terms of resource utilization and latency. Therefore, we support it and assume it should be applicable to DL-TDOA, DL-AoD, Multi-RTT positioning methods.

[bookmark: _Hlk53490338]
Support both semi-persistent and aperiodic DL PRS allocation for DL-TDOA, DL-AoD, Multi-RTT positioning methods

UL Reference Signals
UL SRS for Positioning Physical Structure
The following agreement was made by RAN WG1 with respect to UL SRS for positioning physical structure at the RAN1#102E meeting:
	Agreement:
Partial staggering and non-staggering RE mapping of SRS for positioning with different combinations of comb-factors and symbol lengths will be investigated in Rel-17.
· The methods/signalling for addressing potential time-domain aliasing due to the partial/non-staggering RE mapping will be included in the study



For the UL SRS reference signals the SRS lengths and comb sizes {NsymbSRS, KTC}, support the following configurations {1,2}, {2,2}, {2,4}, {4,2}, {4,4}, {4,8}, {8,4}, {8,8}, {12,4}, {12,8}.
In addition to the existing configurations, we would like to propose Comb-4 one symbol UL SRS resource, i.e. {1,4}. The greater comb sizes for a smaller number of SRS symbols allows for higher degree of signal multiplexing, that can be beneficial in the highly dense environments. However, performance analysis is required, especially in the interference scenarios, since it reduces the number of signal observations, that potentially can be combined to extract a signal processing gain.

[bookmark: _Hlk53490349]
Support Comb-4 for one symbol SRS resource configuration for positioning

UE and gNB Measurements/Reporting
LOS / NLOS Link Classification
The following agreement was made by RAN WG1 with respect to multipath mitigation techniques and LOS/NLOS classification at the RAN1#102E meeting:
	Agreement:
Multipath mitigation techniques will be investigated in this SI for improving positioning accuracy, which may include, but not limited to the following:
· The applicable scenarios and performance benefits of multipath mitigation techniques 
· The methods/measurement/signaling for the LOS/NLOS detection and identification
· The measurements for supporting the multipath mitigation/utilization
· The procedure and signaling for supporting the multipath mitigation/utilization
· Implementation-based solutions (e.g., outlier rejection) without the need of any additional specified method/measurements/procedures/signaling.
Note: The above study applies to DL only, UL only, DL+UL positioning solutions for UE-based and UE-assisted positioning.



As a multipath mitigation technique for improved positioning accuracy, we consider method, measurement and signaling for the NLOS links detection and identification. In our contribution for the last meeting, we have used machine learning approach to classify LOS and NLOS links that has shown a robust performance, [4]. Below, we provide conventional signal processing method for LOS/NLOS classification (please refer to description of NLOS Links Detection Algorithm). 
Impact of NLOS Channel on Positioning Equations
First let’s consider a location procedure, that is performed by a UE and several gNBs (or TRPs), that have the known spatial coordinates. As a result, the distance between a UE and the lth gNB (or TRP) is estimated and then used in the positioning equations to compute the unknown UE coordinate. The system of location equations can be written in a vector form, using the following notations:
	
,
	[bookmark: _Ref53592271](1)


where f(x, y, z) is the NL × 1 distance vector, w is the NL × 1 measurement error vector, and r is the NL × 1 observation vector. The parameter NL denotes the total number of transmit links (e.g. gNBs or TRPs), being used in the measurements.
We consider an iterative Gauss-Newton method defined in [5] for solving the location equations (1) in a form:
	
.
	[bookmark: _Ref53745380](2)


The algorithm (2), converges using a few iterations, starting from the initial guess x(0), and the vector x(m+1) found at the last iteration is used as an estimate of the UE coordinates (x, y, z), where A(m) is the NL × 3 differential matrix and x and x(m) are the 3 × 1 coordinates vectors:
	
.
	(3)


If the components of error vector w are statistically independent, which is a practical assumption, then its inverse covariance matrix C-1 can be represented in the diagonal form:
	
,
	[bookmark: _Ref53597643](4)


where σl2 is the error variance of the lth gNB (or TRP) link. In that case, the weight in the matrix C-1 is inversely proportional to the average square error associated with a gNB (or TRP) link.
The multiplication by the C-1 in (4) should reduce the impact of the non-reliable observations (with large variance) and conversely increases the impact of the reliable components (with low variance) on the solution.
There are two sources of error that can exist in the location equations in (1). The first source of error corresponds to the timing errors, that may occur even for the LOS links and relates to the practical implementation. The second source is associated with a NLOS propagation phenomenon, when a signal travels through the reflected path and experiences an excess delay relative to the LOS transmission time.
To evaluate this effect numerically, Figure 1 shows a comparison of the PDF for the distance error in case of the LOS and NLOS links. The PDFs were estimated using the InF-DH baseline scenario.
[image: ]
[bookmark: _Ref53592981]Figure 1: Distance error distributions for LOS and NLOS links in InF-DH evaluation scenario.

As follows from Figure 1, an average value and variance for the distance error are substantially different in case of the LOS (μLOS = 0.05 m, σLOS2 = 0.23 m2) and NLOS links (μNLOS = 14.4 m, σNLOS2 = 15.0 m2).
Therefore, the NLOS links can introduce a significant error into the location equations (1) and may prevent a sub-meter positioning accuracy. To reduce the impact of NLOS propagation, a proper weighting of the vector b(m) should be used in the iterative recursion .
NLOS Links Detection Algorithm
We propose an algorithm for NLOS links detection, which uses a normalized test statistic u, equal to the variance of the channel estimate in the frequency domain, under the constraint that the total power of the channel impulse response is normalized to unity:
	
,
	(5)


and channel variance σH2 is defined as follows:
	
,
	(6)


where Hk is the channel estimate for the kth subcarrier, <H> is the sample mean value of the channel estimate, NSC is the total number of subcarriers, hn is the coefficient of the channel impulse response estimate for the nth sample.
The normalized test statistic u is distributed in the range from 0 to 1 and has a meaning of probability for NLOS link detection. The u = 0 corresponds to the case of a pure LOS channel with a single channel tap in time domain and zero NLOS components. Conversely, the u = 1 corresponds to the case of a pure NLOS channel with a multi-path channel structure and zero LOS component. In practice, u variable is distributed between 0 and 1 and its absolute value shows the reliability of the correct link classification.
In a hard decision approach, the u variable can be compared to the predefined threshold value γ selected in a way to provide a trade-off between the probability of detection PD and probability of false alarm PFA. A detection event (with a probability PD) happens when the true NLOS link is classified correctly. While, a false alarm event (with a probability PFA) happens when the true LOS link is wrongly classified as a NLOS link.
If the normalized test statistic for the lth gNB (or TRP) link exceeds the threshold ul > γ and the corresponding link is classified as NLOS, then the associated weight for location equation in (4) is assigned equal to zero, Cl,l-1 = 0. In opposite, if ul ≤ γ, then the associated weight in (4) is assigned equal to one, Cl,l-1 = 1. Therefore, in a hard decision approach, we keep hold the LOS links (considering them as reliable) and completely discard the NLOS links (considering them as non-reliable estimates).
In a soft decision approach, we introduce weight Cl,l-1 in (4), which is a function of ul, i.e. Cl,l-1 = F(ul). From the practical considerations, we found that a square function of ul has a reliable performance, which is defined in the form:
	
.
	(7)


As opposed to the hard decision approach, in that case we do not completely discard the link, but rather assign a weight to it based on the certain measure of reliability.
Figure 2 shows a Receiver Operating Characteristic (ROC) obtained for the proposed algorithm for NLOS links detection in the InF-DH evaluation scenario. 

[image: ]
[bookmark: _Ref53598233]Figure 2: Receiver operating characteristic obtained in InF-DH evaluation scenario.

Observations:
· As follows from Figure 2, the ROC curve provides a good trade-off between the probability of correct NLOS link detection (PD) and the probability of false alarm, (PFA), when the LOS link is wrongly identified as a NLOS link and may be discarded. 
· For example, for the 10 % of the discarded LOS realizations, the 98 % of NLOS realizations will be correctly identified. 

Figure 3 shows performance comparison for the proposed algorithm for NLOS links detection with hard and soft decision to the basic performance without any NLOS links detection and to the outlier rejection RAIM and RANSAC algorithms, known in the literature, [6] - [7]. All curves are plotted for the multi-RTT method.
[image: ]
[bookmark: _Ref53598684]Figure 3: Performance comparison of proposed algorithm with hard and soft decision to basic positioning algorithm without NLOS links detection and to RAIM and RANSAC algorithms in InF-DH evaluation scenario.

Observations:
· The basic positioning algorithm without any NLOS links detection exhibits worst performance and achieves positioning accuracy less than 0.2 m for only 20 % of users, which is far away from the target I-IoT requirement of 0.2m accuracy for 90% of users.
· The RAIM and RANSAC algorithms provide positioning performance improvement compared to the basic case and enable positioning accuracy less than 0.2 m for 60 % of users.
· The proposed algorithm with NLOS links detection exhibits good performance and enables to achieve the positioning accuracy of less than 0.2 m for more than 80 % of users. The soft decision approach provides additional performance gain over the hard decision approach.

[bookmark: _Hlk53490364]
Support signaling indicating the LOS/NLOS link propagation type for NR positioning
Support signaling of reliability metric (with probability meaning) for NLOS detection (variable u in the range from 0 to 1, with absolute value showing reliability of decision)

Enriched First Arrival Path Measurements
The First Arrival Path (FAP) is the primary source of a UE location information and the Rel.16 defines the timing and Angle of Arrival (AoA) measurements associated with the FAP. The measurement set can be further extended to include the power, K-factor and a frequency offset caused by the Doppler shift. 

[bookmark: _Hlk53490377]
Support for additional first arrival path measurements, including:
Power of the first arrival path
Continue study of Doppler effect, velocity measurement, K-factor etc.

Enriched Multi-Path Measurements
The multipath components of the propagation channel potentially can be also used for the sake of positioning. 
However, there is no straightforward mechanism how these measurements could be utilized in the positioning equations, since the multi-path components are primarily associated with the reflectors (“mirror/image sources”).
In general, the multi-path components are characterized by a reflection order. The higher the reflection order, the more challenging is to utilize it for the UE location estimate.


Study potential benefits of the multi-path measurements, clarify how these measurements can be potentially used in the positioning equations

[bookmark: _Ref53601038]Aggregation of DL Positioning Frequency Layers
The following agreement was made by RAN WG1 with respect to aggregation of DL PRS frequency layer by UE at the RAN1#102E meeting:
	Agreement:
Aggregating multiple DL positioning frequency layers of the same or different bands for improving positioning performance for both intra-band and inter-band scenarios will be investigated in Rel-17, which may take into account at least the following
· The scenarios and performance benefits of aggregating multiple DL positioning frequency layers
· The impact of channel spacing, timing offset, phase offset, frequency error, and power imbalance among CCs to the positioning performance for intra-band contiguous/ non-contiguous and inter-band scenarios
· UE complexity considerations
Note: What is captured in the TR will be discussed separately.



For transmission with aggregated frequency layers, we consider three basic configurations, including the following, [8]:
1. Contiguous Carrier Aggregation (CA) - in this configuration, the bandwidth occupied by different Component Carriers (CCs) is allocated next to each other and the CCs are separated by the guard band subcarriers only;
2. Intra-band non-contiguous CA – in this configuration, the bandwidth occupied by different CCs may be allocated with a frequency gap exceeding the normal guard band size and can be aligned with a subchannel spacing, however, the CCs are still allocated in the same operation band;
3. Inter-band non-contiguous CA – in this configuration, the CCs may be allocated in the different operation bands.
Contiguous Carrier Aggregation
Figure 4 shows an example of the contiguous CA allocation with two component carriers CC#1 (highlighted by blue) and CC#2 (highlighted by red) and separated by the guard band subcarrier spacing.

	



[bookmark: _Ref53409403]Figure 4: Example of intra-band contiguous carrier aggregation with two component carriers.

In the provided example, a signal with two component carriers is formed in the digital domain and a digital shaping filter is used to null the guard band subcarriers. The frequency separation between the component carriers is equal to the channel spacing.
Intra/Inter-Band Non-Contiguous Carrier Aggregation
Figure 5 shows an example of the intra/inter-band non-contiguous CA allocation with two component carriers CC#1 (highlighted by blue) and CC#2 (highlighted by red) and separated by a single or integral multiple of a channel spacing.
	



[bookmark: _Ref53411266]Figure 5: Example of non-contiguous carrier aggregation with two component carriers.

In the provided example, a signal for each CC is formed in the digital domain, but the signals for the CC#1 and CC#2 can be mixed in the continuous time domain. The frequency separation between the CCs may be equal to the integral multiple of a single channel bandwidth.

Based on the considered CA configurations, the impact of the following impairments on the positioning accuracy need to be analyzed:
1. Channel spacing – the effect of channel spacing is equivalent to the multiplication with a shaping filter response in frequency domain or convolution with a shaping filter impulse response in time domain;
2. Relative time offset across CCs – the signals propagating through the different transmit chains may have a non-zero relative time offset Δτ ≠ 0, which results in a linear phase shift over subcarriers as illustrated in Figure 5;
3. Relative frequency offset across CCs – the signals propagating through the different transmit chains may have a non-zero relative frequency offset Δf ≠ 0, which results in the subcarriers shift across CCs;
4. Power imbalance across CCs - the signals for each CC can be mixed at the output of the PA and in general it may cause a power imbalance across CCs.

Figure 6 shows an impact of the channel spacing between two component carriers on the positioning accuracy. In the provided example, two component carriers are separated by zero, one, two and four frequency channels. 
The upper row illustrates an equivalent shaping filter in frequency domain and the bottom row shows its impulse response in time domain. 


[bookmark: _Ref53504815]Figure 6: Impact of channel spacing on positioning accuracy.

Observations:
· For a zero spacing between two CCs, the shaping filter impulse response is equal to the delta function and therefore does not introduce any distortion into the estimated channel realization. 
· For a non-zero spacing between two CCs, the shaping filter has the non-zero side lobes. The larger the frequency span between two CCs, the higher the side lobes of the resulting shaping filter.
· The convolution with the shaping filter introduces a significant distortion into the channel estimate and consequently deteriorates time-sample resolution. This leads to the overall positioning accuracy degradation. 

Figure 7 shows an impact of the relative time offset between two transmit chains on the resulting positioning accuracy. An equivalent filter impulse response in time domain is plotted for a given value of relative time offset Δτ.
In the provided example, the signals corresponding to the two component carriers experience relative time delay Δτ, equal to the fractional part of the sample time duration Ts. The following values for the time offset are examined, including Δτ = 0 (with no actual delay), 0.25 × Ts, 0.5 × Ts, and 0.75 × Ts.


[bookmark: _Ref53565705]Figure 7: Impact of relative time offset between two transmit chains on positioning accuracy.

Observations:
· For a zero time offset between two CCs, the resulting filter impulse response is equal to the delta function and therefore does not introduce any distortion into the channel estimate.
· For a non-zero time offset between two CCs, the resulting filter impulse response may have multiple components of almost equal power (for some delays Δτ, see Figure 7).
· Therefore, the convolution with this filter impulse response may introduce a significant distortion into the channel estimate like “multi-path” propagation phenomenon. Consequently, this causes overall positioning accuracy degradation.

Figure 8 shows a combined effect of the shaping filter and relative time offset Δτ on the positioning accuracy. An equivalent filter impulse response in time domain is plotted, which is a convolution of a shaping filter impulse response shown in Figure 6 and filter impulse response shown in Figure 7.
In the provided example, two component carriers are separated by the two frequency channels and the respective signals experience relative time delay Δτ, equal to 0 (with no actual delay), 0.25 × Ts, 0.5 × Ts, and 0.75 × Ts.


[bookmark: _Ref53748648][bookmark: _Ref53567134]Figure 8: Combined impact of channel spacing, and relative time offset between transmit chains on positioning accuracy.

Observations:
· The resulting filter impulse response may have more complex structure than one used for each impairment independently.

Conclusions:
· As it is stated in the agreement, the following effects need to be modeled, while evaluating performance of the component carrier aggregation:
· The impact of channel spacing, timing offset, phase offset, frequency error, and power imbalance among CCs to the positioning performance for intra-band contiguous/ non-contiguous and inter-band scenarios
· The CA configurations for performance evaluation need to be defined, including the TX/RX architectures and models for each impairment.
· The limit on the maximum channel spacing between the CCs can be introduced.

Figure 9 shows a performance comparison for the multi-RTT method in case of 100 MHz and 400 MHz (aggregated) signal bandwidth in the InF-SH and InF-DH evaluation scenarios.
The impairments considered above were not modeled, therefore, it represents a potential performance bound that could be achieved.
[image: ]
[bookmark: _Ref53569764]Figure 9: Performance comparison for multi-RTT method in case of 100 MHz and 400 MHz signal bandwidth.

Observations:
· Usage of larger aggregated bandwidth (400 MHz vs 100 MHz) enables to achieve less than 0.2 m positioning accuracy for more than 95 % of users in both InF-SH and InF-DH evaluation scenarios.

[bookmark: _Hlk53490397]
Support for aggregation of multiple DL positioning layers of the same or different bands with definition of a limit on the maximum component carriers spacing in the frequency domain

Aggregation of UL SRS for Positioning Transmissions
The following agreement was made by RAN WG1 with respect to simultaneous SRS for positioning transmission and reception from multiple carriers at the RAN1#102E meeting:
	Agreement:
Simultaneous transmission by the UE and reception by the gNB of the SRS for positioning across multiple CCs and multiple slots can be investigated in Rel-17, which may consider 
· The scenarios and performance benefits of the enhancement
· The impact of channel spacing, TA and timing offset, phase offset, frequency error, and power imbalance across slots or CCs to the positioning performance for intra-band contiguous/ non-contiguous and inter-band scenarios 



Similar considerations as for DL aggregation of positioning layers can be provided with respect to the aggregation of UL SRS for positioning. For more details, please see Section 2.3.4. 
Simultaneous reception by the gNB of the SRS for positioning across multiple CCs and multiple slots can be also considered.


Support reception by the gNB of the SRS for positioning across multiple CCs and multiple slots

Super-Resolution Processing
The following agreement was made by RAN WG1 with respect to methods for improving accuracy of positioning methods at the RAN1#102E meeting:

	Agreement:
The scenario, benefits, and methods for improving the accuracy of the UL AoA and DL-AoD methods for both UE-based and network-based (including UE-assisted) positioning can be investigated in Rel-17.



The use of super-resolution techniques for measurement of signal location parameters can provide improved estimation accuracy. Although the implementation of super-resolution techniques is quite complex and requires computationally intensive processing, it becomes feasible with current advances and computing power available at network side. Application of the super-resolution techniques potentially may achieve the target positioning accuracy without engagement of the new methods that require standard-based support.

[bookmark: _Hlk53490417]
Support angular-based and timing-based super resolution methods to improve positioning accuracy
Send LS to RAN4 for potential study of benefits for these methods

UE / gNB Synchronization and TX/RX Timing Calibration Errors 
The following agreement was made by RAN WG1 with respect to UE / gNB Synchronization and TX/RX timing calibration errors and their impact on NR Positioning performance:
	Agreement:
The scenario, benefits, methods and signaling for improving positioning accuracy in the presence of the UE Rx/Tx transmission delays, and/or and gNB Rx/Tx transmission delays, will be investigated for UE-based and network-based (including UE-assisted) positioning in Rel-17.




We consider two stages for transmit (TX) and receive (RX) timing errors estimation:
· Stage 1 – the first stage includes a network-based timing errors estimate at the gNB or TRP side.
· Stage 2 - the second stage includes a user-based timing errors estimate at the UE side.

At the first stage, the timing errors are computed between the gNB node pairs (or TRPs) using the propagation time delay measurements which are compared to the reference propagation time delay. A reference (calibrated) time delay is calculated based on the ideal knowledge of the gNBs (or TRPs) spatial coordinates (or geographical coordinates) and relative distance computations. In general, the gNB (or TRP) may have different (non-correlated) timing errors at the TX and RX chains. Therefore, the procedure may include a separate TX and RX timing errors measurements as well as the total error estimate, comprising the sum of these errors.
At the second stage, the timing errors are computed between the UE and each gNB (or TRP) of the network. This measurement relies on the assumption, that the associated network-based error has been estimated at the previous stage and compensated to facilitate a UE side errors estimate.

First Stage – Network-based Timing Error Estimation
Let’s consider an example of three gNBs (or TRPs) comprising the network with known spatial coordinates shown in Figure 10, where each gNBi has an internal TX timing error - eTX,i and RX timing error - eRX,i. These errors can be different and potentially caused by the independent sources. Additionally, the ideal propagation time delay Tij (highlighted in red) between each pair of gNBs with indexes i and j is known (computed based on the ideal knowledge of the gNB coordinates).


[bookmark: _Ref53578518]Figure 10: An example of network-based TX/RX timing errors estimation.

Each gNB node can estimate a propagation time delay with any other gNB node in the network. First, the gNBi sends a reference signal to the node gNBj, which estimates the propagation time delay ti-j. Second, they interchange the roles and now the gNBj sends a reference signal to the node gNBi, which results in the measurement of the propagation time delay tj-i. Based on the obtained time delay measurements, the system of equations (8) can be written as:
	
,
	[bookmark: _Ref51323514](8)


where ti-j – is the time measurement performed between the gNBi (transmitter) and gNBj (receiver), estimated at the gNBj, i.e. receiver side. 
Let’s apply a simple transformation to the original system of equations (8), where the first row is added to the second row, the third row is added to the fourth row, and the fifth row is added to the sixth row. Additionally, we move the timing constants Tij to the right-hand side for simplicity. As a result, it gives us a new system of equations in the form:
	
.
	(9)


Introducing notations for the total TX-RX timing error ei=eTX,i + eRX,i and the time difference between the measured and known time delay, ∆ti-j = ti-j - Tij, we obtain the modified system of equations:
	
.
	[bookmark: _Ref53580827](10)


Using matrix notations, (10) can be written as:
	
.
	(11)


where, for the provided example, matrix A, error vector e, and the observation difference vector Δt can be introduced as:
	
.
	(12)


A is the 3 × 3 modified network matrix for the total timing error, it consists of zero and one elements, where ones correspond to the nodes used in the measurement and zeros for the nodes not used in the respective measurement. e is the 3 × 1 error vector, it consists of the total error values for each gNB node (or TRP). Δt is the 3 × 1 observation difference vector, where its elements represent a sum of differences between the observed (measured) value ti-j and the reference (ideal) value Tij and the observed value tj-i and the reference value Tji.
The matrix A has a full rank of 3, therefore it is invertible, and the error vector estimate can be found as:
	
,
	(13)


where A-1 is the inverse 3 × 3 matrix of the original matrix A. In the provided example, it can be found as:
	
.
	(14)



Second stage - UE-based Timing Error Estimation
At the second stage, a user-based timing error estimation can be performed at the UE side. 
Let’s consider an example of three gNBs (or TRPs) comprising the network with known spatial coordinates and a UE with unknown coordinates performing distance measurements with these gNBs (or TRPs) shown in Figure 11. In addition to the network timing errors, considered above a UE has its own internal TX timing error - eTX,UE and RX timing error - eRX,UE. These errors can be different and potentially caused by the independent sources.
As opposed to the network-based measurements considered above, the ideal propagation time delay TUE,i (highlighted in red) between a UE and gNBi (or TRP) in general case is not known and only propagation time delay measurements tUE-i between a UE and gNBi (or TRP) are available.


[bookmark: _Ref53581258]Figure 11: An example of user-based TX/RX timing errors estimation.

A UE can estimate a propagation time delay with any gNB node in the network. In case of the UE-based approach, it starts the measurement procedure. First, a UE sends a reference signal to the node gNBi, which estimates the propagation time delay tUE-i. Second, they interchange the roles and now the gNBi sends a reference signal to a UE, which results in the measurement of the propagation time delay ti-UE.
In case of the UE-assisted approach, the gNBi starts the measurement procedure. First, the gNBi sends a reference signal to a UE, which estimates the propagation time delay ti-UE. Second, they interchange the roles and now a UE sends a reference signal to the gNBi, which results in the measurement of the propagation time delay tUE-i.
Based on the obtained time delay measurements, the system of equations (15) can be written as:
	
,
	[bookmark: _Ref53581447](15)


where ti-UE – is the time measurement performed between the gNBi (transmitter) and the UE (receiver) estimated at the UE, i.e. receiver side and where tUE-i – is the time measurement performed between a UE (transmitter) and the gNBi (receiver) estimated at the gNBi, i.e. receiver side.
Let’s apply a simple transformation to the original system equations (15), where the first row is added to the second row, the third row is added to the fourth row, and the fifth row is added to the sixth row. Additionally, we move the timing constants TUE,i to the right-hand side and introduce notations for the total TX-RX timing error at the UE side eUE = eTX,UE + eRX,UE, and recalling notations for the gNBi ei = eTX,i + eRX,i used above, we obtain the modified system of equations:
	
,
	[bookmark: _Ref53581972](16)


To further simply (16), we introduce a notation for the measured propagation time delay between a UE and gNBi after network timing error compensation as:
	
.
	(17)


Therefore, (16) can be modified as follows:
	
.
	[bookmark: _Ref53582202](18)


If some of the propagation time delays TUE,i between a UE and gNBi in (18) are known, then the UE error can be directly estimated using these equations. In opposite case, we can subtract one equation from another to compensate the UE side timing error impact.
Multiplying both sides on c, which denotes a speed of light, we can convert the timing equations (18) into the distance equations. Then to compensate the distance error wUE/2 in the system of equations (18), we subtract the second row from the first row, the third row from the first row, and the third row from the second row. It gives us a modified system of equations:
	
,
	[bookmark: _Ref53583474](19)


where rUE,i – is the distance between a UE and gNBi, rUE,i = c × TUE,i, and ri – is the measured distance between a UE and gNBi, ri = c × ti.
The system of equations (19) can be solved, applying one of the standard methods, for example, Gauss-Newton algorithm, [5].

Conclusions:
· As it is stated in the agreement, methods and signaling for improving positioning accuracy in the presence of the UE TX/RX timing errors and/or gNB TX/RX timing errors need to be investigated.
· As it was shown above a two-stage procedure for the TX/RX timing errors can be performed, including the network-based (inter-gNB) and user-based timing errors estimation and compensation.

Figure 12 shows performance comparison for the multi-RTT method in case if no TX/RX timing errors are compensated (worst performance), if TX/RX timing errors are compensated applying the approach considered above (practical performance), and error free case (ideal performance) in the InF-SH and InF-DH evaluation scenarios.
In the provided simulation results, the timing errors at the TX and RX sides were modeled as independent identically distributed random variables, using truncated Gaussian distribution in the range [-2×X, +2×X]. At the gNB side, the X value was assigned equal to 5 ns and at the UE side it was equal to 10 ns.
[image: ]
[bookmark: _Ref53584383]Figure 12: Performance evaluation for multi-RTT method with TX/RX timing errors.

We assume ideal estimation and compensation of the timing error (with no residual error) at the gNB side for the case, when compensation is applied. Therefore, the performance degradation is mainly caused by the residual timing error impact at the UE side. 
In case, if no compensation is applied, both gNB and UE timing errors deteriorate the performance. 

Observations:
· Application of timing errors compensation enables to achieve positioning accuracy of less than 0.2 m for more than 80 % users in InF-SH evaluation scenario.
· Application of timing errors compensation enables to achieve positioning accuracy of less than 0.4 m for more than 80 % users in InF-DH evaluation scenario.
· There is still a margin for improvement between the practical and ideal performance and other timing error compensation techniques can be potentially considered.

[bookmark: _Hlk53490431]
Support network based (inter-gNB) and UE based TX/RX timing errors estimation and measurement report signaling

Signalling and Procedures
[bookmark: _Hlk53221372]Support of RRC_IDLE/RRC_INACTIVE 
	Agreement:
NR positioning for UEs in RRC_IDLE state and UEs in RRC_INACTIVE state will be investigated in Rel-17, including the benefits on latency, network/UE efficiency and UE power consumption
FFS: which positioning methods to be supported, e.g., DL positioning, UL positioning, DL+UL positioning and/or Multi-RTT
FFS: the details of how to enable the UE positioning in RRC_IDLE state and RRC_INACTIVE state
· Reference signals (e.g., based on DL PRS signals, UL SRS signals, both of them, etc.)
· Signaling and procedures (e.g., based on PRACH procedure, paging triggered UL SRS transmission, etc.)



In Rel.16, the positioning support is enabled for the RRC_CONNECTED UEs. For some of the positioning procedures, it is relatively straightforward to support RRC_INACTIVE UEs. As we discussed in our companion paper [2], we do see benefit and motivation to support NR positioning for UEs in RRC_INACTIVE state, while we also observe technical challenges for RRC_IDLE UEs that require additional studies mainly in RAN WG2. 

[bookmark: _Hlk53490441]
Support NR positioning techniques for UEs in the RRC_INACTIVE state
FFS: enhancements for RRC_IDLE state

Two-Way Positioning/Ranging Protocols
The two-way signaling to facilitate accurate NR positioning is one of the promising enhancements areas for NR positioning in terms of UE/gNB radio-layer procedures and behaviors. The two-way signaling protocols based on multi-RTT are robust to synchronization error at network side. In addition, two-way signaling can support AoA measurements at the gNB/TRP side, which is also not sensitive to the network synchronization errors. The defined multi-RTT signaling protocol can be further enhanced to reduce latency of the positioning service.
The NR Rel.16 defines a two-step RACH protocol to support faster channel access than four step RACH protocol. These protocols can be enhanced to support NR positioning for UEs in the RRC_INACTIVE state and can be used to trigger the positioning service, i.e. specific positioning procedure.
The main concept for a two-step RACH positioning includes the following:
· NR system configures the time-frequency resources for a two-step RACH operation, including the PRACH preamble, msgA PUSCH, and UL SRS reference signal transmission.
· A UE in the RRC_INACTIVE state configured for the positioning procedure may send the PRACH preamble, msgA, and UL SRS reference signal in the predefined set of time-frequency resources to solicit the channel access and positioning procedure.
· A serving gNB detecting the request for the channel access and positioning from a UE, initiates the protocol for positioning. It may receive the UL SRS reference signal to conduct the measurements and send the feedback to a UE as a part of the msgB. In addition to that the DL PRS reference signal may be sent to trigger the measurements at the UE side.
· The UL SRS signal may be received by a serving gNB as well as the multiple neighbor gNBs. In turn, the DL PRS transmission can be performed by a serving gNB and multiple neighbor gNBs, coordinated by a serving gNB.

The msgA and msgB content can be modified with the new fields in order to support positioning procedure. Figure 13 shows an example of a two-step RACH protocol for positioning. In the provided example, a UE sends the PRACH preamble, msgA, and UL SRS reference signal to a serving gNB and multiple neighbor gNBs. A serving gNB may retransmit msgA or part of its content to the neighbor gNBs using a backhaul link. 
A serving gNB sends the msgB in response to the UE transmission. A serving gNB and the multiple neighbor gNBs may send the coordinated DL PRS reference signal to a UE associated with the msgB transmission.


[bookmark: _Ref47601592]Figure 13: An example of message exchange for a two-step RACH protocol for positioning.

[bookmark: _Hlk53490452]
Enhance a two-step RACH mechanism to facilitate accurate low-latency NR positioning for UEs in  RRC_INACTIVE state

Prioritization of Transmission for Positioning Reference Signals/Channels
Considering that the positioning end-to-end latency is one of the main KPIs, it is necessary to consider the design aspects for prioritization of the positioning reference signals and control signaling/channels versus transmission of other reference signals and control channels. The prioritization of the DL transmission can be considered as a part of the gNB/network implementation. However, the QoS (latency, etc.) associated with the positioning service and thus with the transmission of positioning signals and control signals may still be necessary.
In addition, support of the prioritized transmission of the UL SRS for positioning and associated control signaling with respect to other reference signals and channels may need more analysis as well.

[bookmark: _Hlk53490465]
Study mechanisms for prioritization of transmissions carrying reference signals and channels with control signaling for positioning vs other NR reference signals and channels

Enhanced Signalling and Procedures 
The RAN WG1 has also discussed signalling and procedures to reduce latency of NR positioning and made the following agreement:
	Agreement:
For reducing NR positioning latency, more efficient signaling & procedures will be investigated to enable a device to request and report positioning information, which may include, but not limited to, the following aspects:
· DL PRS/UL SRS configuration, activation or triggering.
· The request for positioning information (the assistance data, etc.).
· The report of positioning information (the measurement report, etc.).
Note: It is not within RAN1 scope to analyze positioning architecture enhancements to enable such more efficient signaling & procedures. 
Note: RAN1 does not make any assumptions on whether the LCS architecture specified in TS 23.273 is enhanced or not.


Based on physical layer latency analysis provided in our companion contribution [2], we have the following considerations on enhancements to reduce latency of the NR positioning protocols:
The following solutions can be considered for physical layer latency reduction of the NR positioning solutions
1. Pre-configuration and minimization of DL/UL transactions
a. DL PRS assistance information can be pre-configured to UE. Multiple DL PRS configurations can be associated with the DL PRS configuration ID and activated when necessary
b. SRS for positioning configuration information can be pre-configured to UE. Multiple configurations of SRS for positioning can be associated with the SRS for positioning configuration ID and activated when necessary
2. Bandwidth Part (BWP) switching operation consideration
a. Operation w/o BWP switching is beneficial for latency reduction and can be achieved by implementation and proper configuration
3. Measurement gaps (MG) optimizations
a. MG-less operation - UE may operate w/o measurement gaps to process DL PRS
b. Support of semi-persistent and aperiodic MGs, their pre-configuration and association with MG configuration ID
4.  DL PRS alignment time 
a. Support of semi-persistent and aperiodic DL PRS transmissions
5. DL PRS report delay
a. Optimization of MG configurations
b. Support of single shot DL PRS processing on resource (No need to mandate 4 measurements per resource)
c. Low latency DL processing capabilities
6. Dynamic activation of DL PRS and SRS for positioning transmissions by gNB
7. Dynamic scheduling request for DL PRS and/or SRS for positioning transmission
8. Support of NR positioning techniques for UEs in RRC_INACTIVE state w/ and w/o transition to RRC_CONNECTED state including the following enhancements of two-or-four step RACH procedures:
a. Transmission of SRS for positioning following PRACH and msgA transmission
b. Transmission of SRS for positioning triggered by signaling from gNB
c. Request of DL PRS allocation by UE and DL PRS activation by gNB
d. UE DL PRS measurement 
e. UE measurement report
Many of listed above enhancements have overlap with RAN2 WG scope and thus need to be jointly considered with RAN WG1.


Discuss and support proposed above enhancements for low-latency NR positioning working in cooperation with RAN WG2
Conclusions
In this contribution, we have provided our views on the I-IOT use cases and scenarios for NR Positioning evaluation as a part of the Rel.17 SI on NR Positioning Enhancements. In summary, we have following list of proposals:
Proposal 1:
Support Comb-4 and Comb-6 for two symbols DL PRS resource configuration
Proposal 2:
Support new DL PRS transmission schedules aiming to randomize a set of TRPs/gNBs transmitting in the same set of resources
Proposal 3:
Support both semi-persistent and aperiodic DL PRS allocation for DL-TDOA, DL-AoD, Multi-RTT positioning methods
Proposal 4:
Support Comb-4 for one symbol SRS resource configuration for positioning
Proposal 5:
Support signaling indicating the LOS/NLOS link propagation type for NR positioning
Support signaling of reliability metric (with probability meaning) for NLOS detection (variable u in the range from 0 to 1, with absolute value showing reliability of decision)
Proposal 6:
Support for additional first arrival path measurements, including:
Power of the first arrival path
Continue study of Doppler effect, velocity measurement, K-factor etc.
Proposal 7:
Study potential benefits of the multi-path measurements, clarify how these measurements can be potentially used in the positioning equations
Proposal 8:
Support for aggregation of multiple DL positioning layers of the same or different bands with definition of a limit on the maximum component carriers spacing in the frequency domain
Proposal 9:
Support reception by the gNB of the SRS for positioning across multiple CCs and multiple slots
Proposal 10:
Support angular-based and timing-based super resolution methods to improve positioning accuracy
Send LS to RAN4 for potential study of benefits for these methods
Proposal 11:
Support network based (inter-gNB) and UE based TX/RX timing errors estimation and measurement report signaling
Proposal 12:
Support NR positioning techniques for UEs in the RRC_INACTIVE state
FFS: enhancements for RRC_IDLE state
Proposal 13:
Enhance a two-step RACH mechanism to facilitate accurate low-latency NR positioning for UEs in  RRC_INACTIVE state
Proposal 14:
Study mechanisms for prioritization of transmissions carrying reference signals and channels with control signaling for positioning vs other NR reference signals and channels
Proposal 15:
Discuss and support proposed above enhancements for low-latency NR positioning working in cooperation with RAN WG2
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