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[bookmark: _Ref124589705][bookmark: _Ref129681862][bookmark: _Toc528341253]Introduction 
One of the objectives of the SI in [1] is to evaluate potential positioning technologies based on the identified requirements and evaluation scenarios. The solutions should include at least NR-based RAT dependent positioning to operate in both FR1 and FR2 whereas other positioning technologies are not precluded.
In [3] UTDOA has been discussed as potential solution for RAT dependent positioning. This contribution discusses the mutual influence of UTDOA and the NR PHY. Additionally, it provides simulation results for positioning indoor UEs with indoor deployments.
[bookmark: _Ref402693033]General TDOA architecture aspects
[bookmark: _Toc528341260][bookmark: _Toc473106403][bookmark: _Toc473290988][bookmark: _Toc474311529][bookmark: _Toc479008693][bookmark: _Toc479870188][bookmark: _Toc493767378]Positioning technologies like RTT, OTDOA and UTDOA are already extensively studied for LTE. For NR, the pros and cons of the concepts may change. A brief summary is provided in the following Table 1. 
[bookmark: _Ref528936206]Table 1 – Pros and cons for RTT, UTDOA and OTDOA
	
	RTT
	OTDOA
	UTDOA

	Resource requirements, many UEs in a cell
	High
	Low
	High

	Interference 
	Low 
	High (PRS of several gNB are send at the same time)
	Low (reservation of UL resource possible)

	Synchronization requirements of gNB 
	Low
	High
	High 

	Clock synchronization requirements for UE
	Low 
	FFS (critical if PRSs of different gNB are not transmitted at the same time)
	Very low 

	DL beam coordination between gNBs
(= beam management for active DL transmit)
	In line with communication protocols 
	FFS
	Not applicable 

	UL beam coordination
(= active receive beam of gNB)
	In line with communication protocols
	Not applicable 
	FFS  

	Amount of “always on” DL signals
	Low 
	FFS 
	Low 



From the table the following observations can be concluded
· Compared to LTE, the beam management of NR introduces new challenges to positioning. Especially for OTDOA, a careful definition of the coordination of the DL beams used for PRS is required. This is mainly a trade-off between latency (if the number of beams for PRS active in the same timeslot is low and each beam covers only parts of the localization area) and additional interference (if many beams point to UEs typically served by other gNBs). For UTDOA this is less critical as several beams can be received in parallel. 
· For RTT the main drawback is the number of required active connections. For RTT, a UE must exchange data packets with several gNBs. 
· Taking into account new applications, the flexibility of UTDOA offers many advantages in terms of the link configuration. Furthermore, UTDOA can entirely benefit from beamforming. The higher gain and the suppression of parts of the multipath components improve the signal quality. Note: For positioning the multipath components are unwanted signal components, in contrast to MIMO communication systems, where the multipath components increase the channel capacity.
Thus, the remainder of the text will focus on the performance of UTDOA positioning.
Methodology and overview to analysis performed 
For a positioning application many modules impact the performance results. Hence all modules must be optimized or at least characterized before meaningful results can be derived. For the study of core technologies and testing of sub-modules “module level test benches” offer a better understanding of the behavior of the building blocks. 
We performed two types of analysis 
· System level simulations (SLS) characterized by 
· The scenarios are in line with the agreements in [3] 
· The focus is on the positioning accuracy 
· For the characterization of the receive situation a complementary statistical analysis is performed
· Link level simulations (LLS) 
· This can be considered as simplified SLS using a deployment scenario with one gNB only
· The simplified setup allows a better control of the parameters and detailed analysis of selected effects or building blocks
· Furthermore the impact of parameters (air interface and channel parameters) can be better studied and building blocks are optimized before used in the SLS
The simulation provided in this contribution for the SLS concentrates on indoor cases and extends the analysis to cover the UMi models in LLS. For the LLS the first step focuses on the analysis of essential parameters like bandwidth and used reference signals in the context of the propagation characteristics (channel parameters) as expected for NR deployments. 
System level simulations for UTDOA-based positioning 
[bookmark: _Toc528341264]Scenario generation: The infrastructure deployment, antenna configuration, UE drops and simulation parameters are generated according to the scenario assumptions in Annex-A. These simulation parameters are derived based on the agreements in [3] for the Mixed and Open office scenarios, which mainly differ in the probability of LOS and NLOS channels. For the FR2, the gNB antenna radiation pattern was configured according to the ceiling-mount configuration in TR 38.802.

The beam pair selection between the targets UE and the gNBs are applied either according to best cell (serving cell) or best beam pair in FR2. For the analysis provided in this contribution interference from other users is not considered. 




Signal generation: The SRS is suitable as a positioning reference signal candidate for UTDOA, as it uses a Low-PAPR sequence based on Zadoff-Chu sequences. The Zadoff-Chu sequence is generated using a given root. It has zero correlation to cyclically shifted versions of itself. This makes it suitable for estimating the timing (TOA) between the UE and gNB. Moreover, the SRS signal can be transmitted over an entire carrier bandwidth, thereby improving time resolution for correlation. In addition, the cross-correlation between sequences of different roots exhibit constant correlation, which is very low, i.e. . Thus, it allows multiple UEs (up to 30) to transmit SRS simultaneously on the same physical resource. Additionally, the SRS configuration parameters such as , transmission comb offset , frequency domain shift value can be adjusted to allow orthogonal transmission among different UEs and or between different cells. The bandwidth configuration for the generated SRS signals utilizes a bandwidth of 100MHz in FR1 and FR2.

TOA estimation: At the receiver, we apply a cross-correlation between the reference SRS signal and the received signal. For the SLS results, a basic approach is applied that identifies the first peak up to 9dB below the maximum peak. The TOA estimation error is shown for the LOS and NLOS links along with the resulting scenario TOA error for both the mixed and open office scenarios (in Figure 1). Clearly, the overall TOA results depend on the probability of the LOS and NLOS channels.
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[bookmark: _Ref528931600]Figure 1- CDF for the TOA estimation error for FR1 indoor scenarios: (a) mixed office absolute error, (b) mixed office error, (c) open office absolute error (d) open office error.
Observation 1: Indoors, the accuracy is highly influenced by the LOS and NLOS channel probability.
The threshold enables higher accuracy compared to the detection based on the strongest peak. However, early detections can occur as identified in Figure 1(b) and (d). Along with the TOA measurements, the receiver estimates a link quality measure (for example SINR), which is used by the position estimation module to improve the positioning estimates. Section 5 investigates the influence of the receiver model on the TOA estimation in more details based on LLS simulations. Therein, advanced approaches are applied. 
Positioning estimation: The position estimation is performed on single shot TOA measurements assuming perfect timing synchronization. The SINR is used by the positioning module to filter out poor links before estimating a UE position. Figure 2 and Figure 3  shows the UTDOA performance in both indoor scenarios for FR1 and FR2, respectively.
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[bookmark: _Ref528932320]Figure 2- UTDOA horizontal positioning error for FR1 indoor scenarios with perfect synchronization.
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[bookmark: _Ref528932323]Figure 3- UTDOA horizontal positioning error for FR2 indoor scenarios with perfect synchronization.

Observation 2: Assuming perfect synchronization, the horizontal positioning accuracy achieved with UTDOA lies below
· 3.8m in FR1 and 9.5m in FR2 (for mixed office scenario)
· 0.5m in FR1 and 2.8m in FR2 (for open office scenario)
in 80 percent of the cases.

The simulation results for UTDOA are summarized in the table below:
	Scenario
	50%
	80%
	90%
	95%
	99%

	InH Mixed Office (FR1)
	1.63m
	3.71m
	5.54m
	6.49m
	8.69m

	InH Open Office (FR1)
	0.27m
	0.42m
	0.51m
	0.72m
	1.72m

	InH Mixed Office (FR2)
	3.6m
	9.41m
	20.98m
	-
	-

	InH Open Office (FR2)
	0.89m
	2.75m
	6.76m
	13.28m
	24.9m



[bookmark: _Toc528341267]Link level simulations (LLS) 
[bookmark: _Toc528341268]Scope of LLS performed
The position computation as a combination of several TOA measurements (or RSTDs) masks several effects of the multipath channels. The SLS results depend highly on the performance of the TOA estimator, the chosen positioning algorithm (converting from TOA measurements to positions) and the deployment/dropping characteristics. For the evaluation of the core technologies complementary LLS are performed. The LLS performed are characterized by:
· Different channel model configurations 
· Simplified models like TDL, CDL, etc. 
· SLS models in line with TR38.901 (for LLS a single BS with random dropping around the BS). 
· SLS models with modified parameters (e.g. more multipath (lower K-factor) in case of LOS to study more critical (more realistic) receive conditions.
· Direct adjustment of the SNR (or SINR) for the study of the required SINR
· Fast fading effects only 
· Fast fading and shadow fading effects only
· SINR variation according to pathloss models (the SINR represents the median value of the SINR for random dropping in a given area). 
· Interference modeled as noise or as signals from other gNB (taking into account the cross correlation properties with or without time alignment)
· Antenna effects can be taken into account. The used simulation setup supports three modes:
· No antenna effects (omnidirectional antennas are selected)
· Antennas in line with the agreed deployment scenarios. 
· “Ideal beam-forming”: The beam of the gNB and the UE facing each other. 
The main scope of the LLS is:
· Study the impact of the channel characteristics on the TOA accuracy 
· Evaluate the impact of positioning reference signal characteristics 
· PRS, CSI-RS, SRS, etc. 
· Impact of bandwidth
· Test/compare different TOA estimators.

 LLS setup overview / methodology 
The used LLS setup allows the detailed analysis of different scenarios and the extraction of key performance indicators (KPI). An example is given in the following figures using these parameters
· FR1 (4GHz) is selected for all simulations
· 1000 drops randomly distributed (random channel parameters in line with the models described in TR38.901) are generated. For each drop two measurements are performed resulting in a total number of 2000 snapshots 
· The UMi_LOS channel with reduced K-factor (KF_mu = -3dB) representing a more demanding LOS condition is selected 
· Interference is replaced by noise. The used SINR is -10dB. This average SINR is applicable to the median value of the received signal
· The TOA error is calculated 
· Negative values: “detection too early” (typical caused by correlation peaks resulting from noise and interference) 
· Positive values: “detection too late” (typically multipath effects)
· A statistical analysis of the TOA error is performed, which in addition to the TOA error CDF, includes, the extraction of KPIs like 
· median value 
· difference between 80% and 20% or 90% and 10% value of the CDF (called “CDF20to80” and “CDF10to90”
· Standard deviation of all values 
· Standard deviation after removal of “false detections” 
In the plots two TOA estimators are compared 
· Peak detection (“PEAK”, more robust for low SINR, higher sensitivity to multipath)
· Simple algorithm for “improved TOA detection” (“M2”, lower error, but higher sensitivity to low SINR). NOTE: The example shows the degradation of the algorithm in case of low SINR. Methods for identifying false detects are not considered for this example.
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	TOA error versus snapshots
	Statistical analysis
PEAK: median = 11.8ns,  CDF20to80 = 58ns
M2: median = 2ns, CDF20to80 = 16ns


Figure 4 - TOA error versus snapshots (left) and according CDFs (right) plus their KPIs

Observation 3: 
· Assuming a TOA estimator with “improved TOA detection” a higher accuracy can be achieved
· Signal quality and identification of false detections should be taken into account. The probability “valid measurements” is a critical parameter (especially if low latency is targeted). 
Proposal 1: Discussed and compared simulation results shall also include link-level KPI results. At least the following KPIs shall be provided 
· Median value of the TOA error and the probability of “invalid measurements” 
· 20%-to-80% value of the CDF (or the full CDF with and without false detection)

Impact of bandwidth
According to theory the minimum variance of an unbiased estimator scales with  showing dominant effect of the bandwidth, e.g. when comparing LTE 20MHz results to NR with B = 100MHz bandwidth in FR1, a 25 times lower MSE can be expected. Although multipath effects usually deteriorate the accuracy strongly, it gives an idea of the expected behavior, especially as the bandwidth also enhances the delay resolution of multipath (paths are obviously resolvable for delay differences ).
The LLS setup allows studying the performance of different positioning reference signals together with multipath propagation and real TOA estimators. Furthermore the SINR is relevant (for a given EIRP the signals with higher bandwidth have lower SINR).  
The following figures compare 20, 40, 80MHz bandwidth applying the UMi_LOS channel selected with reduced K-factor (the LTE PRS scaled to higher bandwidth by increasing the subcarrier spacing is used as a reference signal).
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Figure 5 – Median TOA error (left) and CDF20to80 (right) for
20Mhz (blue), 40MHz (red) and 80MHz (green). 

Observation 4: The gain from bandwidth is marginal, if lower SNR for higher bandwidth is taken into account (e.g. 4x bandwidth = 6dB SNR difference: SNR = -20dB @ BW = 80MHz should be compared to SNR = -14dB @ BW = 20MHz)
Proposal 2:  The required SINR range and the tradeoff between SINR versus TOA accuracy shall be investigated. The NR standards shall support different configurations supporting also low SNR.

Impact of the channel characteristics
The TOA estimator error depends highly on the channel characteristics. According to the methodology described above the impact of the channel multipath profile and the SINR to the KPIs "median error" and "CDF20to80" are calculated. Selected results are presented in the following figure.
Channel parameters as defined by TR38.901
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[bookmark: _Ref528940078]Figure 6 – TOA valid statistics (left) and median TOA error over SNR (right) 
Figure 6 highlights the impact of the channel parameters on the TOA estimator performance:
ToaValid statistics (left)
· Especially for UMa_NLOS many measurements fail. The rate is more or less independent from the SNR. This highlights the need of reliable quality metrics to be generated together with the estimated TOA.
· For LOS channels even at low SNR the TOA can be estimated with high probability.
Median value of the TOA error (right)
· The figure shows the median error of the valid measurements assuming invalid measurements can be detected. The measured accuracy is sufficient for regulatory requirements. But it should be noted that for stationary reception (no/minor change of the channel conditions) the availability might be low and good localization can be achieved with good deployments only.
· For LOS channels the performance is high. The K-factors defined by TR38.901 may be optimistic. Therefore more severe LOS conditions are investigated, too. 
Modified K-Factor 
As already mentioned in [5] the probability of “early arriving clusters” and the delay of these clusters relative to the LOS delay shall be further studied. Reducing the K-factor is an alternative method for generating channel conditions in between LOS and NLOS. The UMi_LOS parameter set as defined by TR38.901 was used as the starting point (K-factor: K  = 9dB K = 5dB).
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Figure 7 - The Toa estimator „PEAK“ degrades very fast with the K-factor, whereas the method „M2“ starts to degrad for K-factors <0dB
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Figure 8 - Probability of a valid Toa measurement (left) and their variation (right)

Observation 5: The measured performance with respect to the K-factor depends highly on the used TOA estimator.  

Proposal 3: Beside (or alternatively to) the LOS channels as defined by TR38.901 at least a LOS channel with reduced K-factor (Proposal: KF_mu = [-3dB], KF_std = [3dB]) shall be evaluated.

[bookmark: _Toc528341272]Conclusion 
In this contribution, we have provided initial SLS and LLS simulations for UTDOA in FR1 and FR2. Based on the discussion, we have the following observations and proposals:
Observation 1: Indoors, the accuracy is highly influenced by the LOS and NLOS channel probability.
Observation 2: Assuming perfect synchronization, the horizontal positioning accuracy achieved with UTDOA lies below
· 3.8m in FR1 and 9.5m in FR2 (for mixed office scenario)
· 0.5m in FR1 and 2.8m in FR2 (for open office scenario)
in 80 percent of the cases.
Observation 3: 
· Assuming a TOA estimator with “improved TOA detection” a higher accuracy can be achieved
· Signal quality and identification of false detections should be taken into account. The probability “valid measurements” is a critical parameter (especially if low latency is targeted). 
Observation 4: The gain from bandwidth is marginal, if lower SNR for higher bandwidth is taken into account (e.g. 4x bandwidth = 6dB SNR difference: SNR = -20dB @ BW = 80MHz should be compared to SNR = -14dB @ BW = 20MHz).

Observation 5: The measured performance with respect to the K-factor depends highly on the used TOA estimator.

Proposal 1: Discussed and compared simulation results shall also include link-level KPI results. At least the following KPIs shall be provided 
· Median value of the TOA error and the probability of “invalid measurements” 
· 20%-to-80% value of the CDF (or the full CDF with and without false detection).

Proposal 2:  The required SINR range and the tradeoff between SINR versus TOA accuracy shall be investigated. The NR standards shall support different configurations supporting also low SNR.

Proposal 3: Beside (or alternatively to) the LOS channels as defined by TR38.901 at least a LOS channel with reduced K-factor (Proposal: KF_mu = [-3dB], KF_std = [3dB]) shall be evaluated.
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Annex A: Simulation Assumptions
For simulations performed by Fraunhofer IIS the following parameters have been used (Tables B.1 and B.2). These are in accordance to agreed simulations assumptions.
Table B.1 : Common Parameters for all evaluation scenarios
	Parameters
	FR1 Specific Values
	FR2 Specific Values

	System parameters
	
	

	Carrier Frequency, GHz
	4 GHz
[TR 38.802]
	30 GHz
[TR 38.802]

	Bandwidth, MHz
	100MHz
	100MHz

	Subcarrier spacing, kHz
	30kHz
	120 kHz

	gNB model parameters
	
	

	gNB Noise Figure, dB
	5dB
	7dB

	UE model parameters
	
	

	UE Max. TX Power, dBm
	23dBm [TR 38.802]
	23dBm [TR 38.802]

	UE Noise Figure, dB
	9dB [TR 38.802]
	13dB [TR 38.802]

	UE Antenna Configuration
	Panel model 1 [TR 38.802], 
Mg = 1, Ng = 1, P = 2, dH = 0.5λ, 
(M, N, P, Mg, Ng) = (1, 2, 2, 1, 1)
	Baseline: Multi-panel Configuration 1 and Panel Configuration a [TR 38.802]
· Multi-panel Configuration 1: (Mg, Ng) = (1, 2); Θmg,ng=90°; Ω0,1=Ω0,0+180°; (dg,H, dg,V)=(0,0)
· Panel Configuration a:
· - Each antenna array has shape dH=dV=0.5λ
· - Config a: (M, N, P) = (2, 4, 2), 
the polarization angles are 0° and 90°
· - The antenna elements of the same polarization of the same panel is virtualized into one TXRU
· Optional: Provided by company

	UE Antenna
Radiation Pattern
	Omni, 0dBi
	Antenna model in  Table A.2.1-8 in [TR 38.802]

	Network Synchronization assumption
	perfectly synchronized



Table B.2 : Evaluation Parameters for Indoor Office Scenario
	Parameters
	FR1 Specific Values
	FR2 Specific Values

	gNB model parameters
	
	

	Total gNB TX Power, dBm
	24dBm
	24 dBm

	gNB Antenna Configuration
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH = dV = 0.5 λ, [TR 38.802]
	(M, N, P, Mg, Ng) = (4, 8, 2, 1, 1), dH = dV = 0.5 λ, [TR 38.802]

One TXRU per polarization per panel is assumed

	gNB Antenna Radiation Pattern
	Single sector [TR 38.802]
	Ceiling-mount configuration [TR 38.802]


	Propagation characteristics
	
	

	Channel Model
	According to 3GPP TR 38.901
(Indoor Open Office/ Indoor Mixed Office)
	According to 3GPP TR 38.901
(Indoor Open Office)

	Penetration Loss
	0dB
	0dB

	Layout considerations
	
	

	Layout
	Indoor floor: (12BSs per 120m x 50m), TRP number per floor:12, [TR 38.901] Inter-gNB distance = 20m
	Indoor floor: (12BSs per 120m x 50m), TRP number per floor:12, [TR 38.901] Inter-gNB distance = 20m

	Number of floors,
(floor height)
	1

	UE drop procedure
	100% indoor, uniformly distributed over the horizontal area

	UE mobility
	3 km/h

	UE antenna height
	1.5m

	Min. gNB - UE distance (2D), m
	0m

	gNB antenna height
	3m
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