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Introduction
One of the objectives of the REL-14 NB-IoT enhancements work item is to improve the positioning support. The objective is to introduce core requirements for the Enhanced CID (E-CID) positioning method and to evaluate UTDOA and OTDOA [1]:
· Introduce E-CID core requirements:
· RSRP/RSRQ measurement [RAN4 only]
· UE Rx-Tx time difference measurement [RAN4 only]
· Support of UTDOA or OTDOA:
· Study accuracy, UE complexity, UE power consumption for both UTDOA and OTDOA using NB-IoT and provide recommendation to RAN#73 on which one solution to adopt [RAN1]  
· 3GPP network operators are invited to provide inputs to RAN1#86 on their positioning requirements. Companies are encouraged to include both methods in their evaluations.
· Based on the study make a choice (either uplink positioning or OTDOA) during RAN#73
RAN1 is asked to compare UL and DL based TDOA for NB-IoT and provide a recommendation to RAN#73 on which of these two solutions to adopt for NB-IoT. 
[bookmark: _Toc242573354]In this contribution, we discuss DL time difference of arrival (TDOA) based positioning methods and introduce a tailored method for NB-IoT.
General concept of DL TDOA based positioning
The general idea of DL based positioning is that a UE in a first step measures the Time of Arrival (ToA) of a set of DL signals, each transmitted from a unique eNB, and in a second step reports the difference in the measured TOAs to a positioning server. The positioning server uses this Time Difference of Arrival (TDOA) information in combination with the know locations of the eNBs to position the UE.
For LTE the feature Observed Time Difference of Arrival (OTDOA) following this procedure was standardized already in Release 9. In OTDOA the UE estimation of the TDOA is based on the Positioning Reference Signal (PRS). The UE measures the TOA difference of the received PRSs from different cells in respect to a reference cell. As specified in [2], the UE measurement element in OTDOA is Reference Signal Time Difference (RSTD), which the UE reports back a positioning server that performs a multilateration procedure to position the UE. For detailed description of OTDOA TS 36.305, Stage 2 functional specification of User Equipment (UE) positioning in E-UTRAN serves as a good starting point [4]. 
DL TDOA for NB-IoT
To enable DL TDOA for NB-IoT a procedure needs to be defined where a positioning server triggers a UE to measure the TOA on a NB reference signal transmitted in a set of cells. In the simplest form the UE should calculate RSTDs based on the measured TOAs and report the RSTDs back to the positioning server in combination with the Physical Cell Ids (PCI) of the eNBs transmitting the measured reference signal. 
The eNBs taking part in a positioning attempt can as described in [8] be based on the geographical position of the eNBs, i.e. based on geometry, or based on signal level or a combination thereof.
The TOA measurements, and the subsequent RSTD calculations, can for NB-IoT be based on one of the following reference signals:
· The since Release 13 available NB-IoT DL signals such as NPSS, NSSS or NRS.
· The legacy PRS signal adapted to NB-IoT.
· A new DL signal specified only for the purpose of NB-IoT positioning.
While the advantages & disadvantages presented in this paper can be generalized for all the three options above, this contribution evaluates positioning performance based on the NPSS to measure the RSTD. This is also a natural choice since a NB-IoT UE needs to use the NPSS in combination with the NSSS to detect and synchronize to a cell and obtain the PCI. 
The below figure provides a general illustration of the possible nodes, information elements and physical channels involved in the positioning of a device using DL TDOA for NB-IoT. A discussion on interfaces and protocols are outside of the scope of this contribution.
[image: R1-16xxxx- On downlink-based positioning for NB-IoT - Pic 1]
[bookmark: _Ref458167033]Figure 1: An illustration of DL TDOA for NB-IoT.

[bookmark: _Ref458455674]Performance
To estimate the accuracy of DL TDOA for NB-IoT based on NPSS the novel simulator described in [8] was used to run a set of simulations. The simulator was configured in accordance with the assumptions described in [9], and Table 1 highlights a few selected assumptions of importance.
[bookmark: _Ref458171782]Table 1 Simulations assumptions.
	Assumption
	Comments

	TOA error model
	U(-0.5/240·103, +0.5/240·103), see [8] for details. 

	Propagation condition
	TU 1Hz, EPA 1Hz
Note: The TOA error model applies to both propagation conditions.

	Max number of eNBs per positioning attempt
	5, 10, 15, 20

	Minimum number of eNBs required in a positioning attempt
	4

	Mechanism to select eNBs in a positioning attempt
	eNBs based on signal strength (SS).
eNBs based on geometry (geographical location relative serving cell) 

	eNB output power
	43 dBm (standalone mode of operation)
Note: The TOA error model is independent of SINR, so the results presented applies equally well to inband and guardband operation.

	UE output power
	23 dBm

	UE mobility
	0 km/h

	NW synchronization
	Yes (Assumed to be perfect)

	Frequency reuse
	Any



When considering the assumptions listed above it should be noted that the simplistic TOA error model applied in the simulations are corresponding to a low complexity UE with slightly better timing performance than the ±80Ts requirement specified for NB-IoT [7] and is independent of SINR, and applies equally well to both EPA and TU propagation conditions.
Parts of the results recorded from the simulations are presented in Figure 2. A consequence of the generic TOA error model is that tthese preliminary results can be considered applicable to all NB-IoT modes of operation and to EPA as well as TU propagation conditions.
The results based on up to 10 eNBs are as expected outperforming the performance seen for up to 5 eNBs. It is also seen that when only 5 eNBs are involved in a positioning attempt it is favourable to select the eNBs based on their geographic location (Geometry based selection). When 10 or more eNBs are aimed for then the signal strength (SS) based eNB selection mechanism performs in parity with the geometry based selection mechanism.
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[bookmark: _Ref458436066]Figure 2 Horizontal positioning error distribution for the DL TDOA solution.
Results taking up to 20 eNBs into consideration are summarized in the below two tables where the horizontal accuracy achievable at the 67th and 95th percentile are presented. 
Table 2 Horizontal accuracy achievable at the 67th and 95th percentile for TU and EPA propagation conditions.
	Max number of eNBs
	Accuracy at 67th and 95th percentile

	
	SS based eNB selection
	Geometry based eNB selection

	5 eNBs
	501 / 1965
	427 / 1354

	10 eNBs
	363 / 660
	348 / 617

	15 eNBs
	340 / 726
	335 / 632

	20eNBs
	324 / 571
	326 / 544



Of interest is also the likelihood that a UE cannot estimate the TOA from four or more cells, which is needed to complete the presented DL TDOA procedure. In the above investigated network setup the likelihood of a UE not being able to measure four or more cells, due to a coupling loss exceeding 164 dB, was recorded to ~2.5%. 
Analysis of DL TDOA
The DL TDOA positioning method has been previously used for legacy UEs, and therefore the standardization efforts need to introduce it also for NB-IoT are expected to be low. This especially if the design can be based on already in Release 13 existing signals. Moreover, since LPPa [5] and LPP [6] are higher layer protocol used for positioning, no impacts on RAN1 specifications are foreseen. 
Observation 1: The standardization effort to introduce DL TDOA for NB-IoT is low.
Observation 2: For existing Rel. 13 NB-IoT DL signals, the efforts concern updates to LPP/LPPa without RAN1 impacts.
There are however several factors that are needed to be satisfied in order for the DL TDOA based method to achieve high positioning accuracy, and some of them might be challenging for a NB-IoT system. First of all, in order to achieve a good accuracy by DL TDOA, the network needs to be time synchronized or at least have a common and controlled reference time. This may however not be the case for NB-IoT standalone deployment, where a GSM re-farming scenario is targeted. This may also not be the case for inband/guardband operation, since for typical FDD LTE networks synchronization is not a requirement. 
Observation 3: DL TDOA requires network synchronization or at least estimated synchronization offsets.
Furthermore, in previous NB-IoT studies, it has been a clear preference to use lower sampling rate at the UE to limit the complexity of the device. The uniform TOA error model used to derive the results in Figure 2 has been confirmed by the sourcing company to correspond to the accuracy achievable for a UE using 240 kHz sampling rate. Also if considering other DL signals such as NSSS or NRS the low sampling rate at the UE is still believed to be a limiting factor when aiming for improvements of the positioning accuracy.
If a UE sampling rate of 1.92 MHz may be considered better TOA performance is expected to be achievable, and this is an aspect that deserves attention in discussions on how to improve the positioning accuracy while keeping in mind the importance of low UE complexity. To illustrate the relation between TOA accuracy and positioning performance the below figure shows the for NB-IoT DL TDOA achievable positioning accuracy at the 67th percentile when considering a uniform TOA error distribution between ±80,  ±40, ±20 or ±10Ts.  A linear relation between positioning accuracy and UE timing accuracy is observed. It can be noted that the timing error modelled in this contribution, i.e. an error up to ±0.5/240·103, corresponds to 64 Ts. For GPRS, which in the release 13 feasibility study on NB-Iot was used as a benchmark in terms of complexity, the timing requirement equals roughly ±0.5/271·103, or ~56 Ts [10]. This suggests that there might be some room for improving the NB-IoT release 13 requirements of ±80Ts.
[image: DLTDOA_Analysis]
Figure 3 Positioning accuracy at the 67th percentile if timing accuracy of 10, 20, 40 or 80Ts is assumed.
Improvements can also be realized by considering adapting the legacy LTE PRS to NB-IoT. Such a signal could be designed to suppress interference by sequence design and pattern design. Muting may also be considered to improve the link level SINR. 
Observation 4: DL TDOA can potentially be improved by more tailored UE processing and the consideration of the legacy PRS.
DL TDOA is based on broadcasted signals, meaning that all devices to be positioned are considering the same broadcasted signals. This means that scalability is mainly limited by the resource cost of sending the measurement report in the uplink. This is especially the case if an already specified broadcast signal, such as the NPSS, is reused.
Observation 5: DL TDOA is based on broadcasted signals that enable good scalability
Conclusions 
In this contribution we have presented DL TDOA adapted to NB-IoT where the TOA measurements and TDOA calculations are evaluated in system simulations based on the NPSS. The presented preliminary results indicate the importance of good accuracy in the UE TOA estimation. A linear dependency between achievable positioning accuracy and UE timing accuracy was observed. It has also been shown that the positioning accuracy improves with increasing number or eNBs participating in a positioning attempt.
[bookmark: _GoBack]When analysing the advantages and disadvantages of DL TDOA it was observed that the main signalling needed to support DL TDOA for NB-IoT is already specified and that the standardisation efforts needed to introduce DL TDOA for NB-IoT are expected to be low. It is therefore motivated to continue the investigation of DL TDOA within the framework of the Release 14 work item on NB-IoT. Going forward special attention is needed on the feasibility to improve the UE TOA estimation accuracy while limiting the impact on the UE complexity.
In addition to the above summary the following observations were made:
Observation 1: The standardization effort to introduce DL TDOA for NB-IoT is low.
Observation 2: For existing Rel. 13 NB-IoT DL signals, the efforts concern updates to LPP/LPPa without RAN1 impacts
Observation 3: DL TDOA requires network synchronization or at least estimated synchronization offsets.
Observation 4: DL TDOA can potentially be improved by more tailored UE processing and the consideration of the legacy PRS.
Observation 5: DL TDOA is based on broadcasted signals that enable good scalability
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