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1 Background
At the RAN#72 a Release 14 work item on Enhancements of NB-IoT [1] was approved containing the following objective:

· “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. In this contribution, we introduce an uplink positioning method for NB-IoT denoted Timing Advance based Multi-leg positioning (TAM). The main advantage of this technique is that it is designed to function in time asynchronous networks as well as time synchronized networks.
2 Timing advance based multi-leg positioning for NB-IoT
In the Timing Advance based Multi-leg (TAM) method, positioning of NB-IoT UEs is based on a procedure triggered by a positioning node, i.e. an eSMLC, where the UE is paged and requested to synchronize to a number of neighbouring cells, and in each cell attempt to access and identify itself to the eNB. The eNB in each cell estimates the timing advance (TA) value of the access attempt and forwards this tagged with the UE identity to the positioning node. The positioning node uses the received set of TA values, and pre-known positions of the involved eNBs to estimate a position of the UE. 
Figure 1 provides a general overview of possible nodes, information elements and physical channels involved in the positioning of a device. This contribution will focus on the radio layer aspects of TAM and leave higher layer details concerning protocol implementations and general architecture considerations for later study.
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Figure 1 General illustration of the nodes, interfaces, protocol and physical channels involved in the positioning of a device.
In the first step the UE is paged and the positioning procedure is triggered. The selection of the neighbouring cells a UE should synchronize to and access can have different levels of complexity:

· In its simplest form the positioning request is merely asking the UE to attempt to perform access in a certain number of cells N. The UE is then autonomously selecting the N cells, e.g. based on signal level ranking, synchronizes to each of them and performs the access. This simple assumption was explored in the simulations presented in section 3.
· In a more sophisticated version the UE is feeding the NW with a measurement report. Based on this measurement report in combination with knowledge of the geographical position of each eNB relative the position of the serving cell the serving eNB asks the UE to synchronize and perform access in N specific cells. In the simulations performed in section 3 also the option to select the N cells based on the geometry between the eNBs involved in a positioning attempt was explored.
The UE can synchronize to a cell using the in Release 13 already specified physical channels, e.g. the NPSS, NSSS and NRS. A new Release 14 signal dedicated for positioning could also be considered. The timing accuracy that can be achieved by a UE when synchronizing to the selected DL signal is of high importance to the overall positioning accuracy.
When the UE performs the system access in the neighbouring cells it needs to follow the connection procedure at least until RRC Connection Request (msg3) for contention to be resolved on the network side. During the connection setup the eNB needs to estimate the UL TA, e.g. via the NPRACH or msg3. After contention resolution the eNB forwards the estimated TA and the UE S-TMSI, extracted from msg3, to the positioning server. The accuracy of the eNB TA estimate is also crucial for the positioning accuracy.
In the final step the positioning node collects the TA estimates from each eNB, and uses these in combination with the known geographical locations of the eNBs to position the device. 
It should be noted that a similar procedure has been proposed to be considered in RAN6 for the Release 14 work item on positioning for EC-GSM-IoT [4].
3 Simulations
To estimate the accuracy of the TAM solution the novel simulator described in [2] was used to run a set of simulations. The simulator was configured in accordance with the assumptions described in [3], and Table 1 highlights a few selected assumptions of importance.
Table 1 System simulation assumptions.
	Assumption
	Comments

	eNB TA error model
	Based on NPRACH, see [2] for details.

	UE timing error model
	U(-0.5/240·103 s, +0.5/240·103 s), see [2] for details.

	Propagation condition
	TU 1Hz, EPA 1Hz
Note: The eNB TA 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
	3

	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 UL and DL timing  error models are independent of DL SINR, so the results presented applies equally well to inband and guardband operation

	UE output power
	23 dBm

	NPRACH Resource usage 
	2, 8 or 32 repetitions per preamble attempt (see numRepetitionPerPreambleAttempt in TS 36.321).

NPRACH thresholds configured to the -101 and -111 dBm (see RSRP-ThresholdsNPRACH-InfoList-NB in 36.331)

	NPRACH power control
	The preamble initial received target power was set to -90 dBm (see preambleInitialReceivedTargetPower in TS 36.311).

	UE mobility
	0 km/h

	NW synchronization
	No

	Frequency reuse
	Any


When considering the assumptions listed above it should be noted that the simplistic UE timing error model applied in the simulations are corresponding to a low complexity UE with slightly better timing performance than the requirement specified for NB-IoT [5] and is independent of SINR, and applies equally well to both EPA and TU propagation conditions. For the eNB the NPRACH TA error model is both dependent on SINR and propagation conditions as described in [5].
Parts of the results recorded from the simulations are presented in Figure 2. The figure shows that a positioning accuracy of around 150 meters may be achieved at the 67th percentile if up to 10 eNBs are involved in the positioning attempt and the propagation conditions corresponds to the EPA or TU channel models,. The TU performance is as seen slightly inferior compared to the EPA performance.
.
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Figure 2 Horizontal positioning error distribution for the TAM positioning method. 
The results from all simulations for the TAM position method, including the ones seen above, are summarized in the below two tables where the horizontal accuracy achievable at the 67th and 95th percentile are presented. 

A first observation from the tables is that the achievable results are dependent on the maximum number of eNBs involved in the positioning procedure of a UE.  Then, when up to 5 eNBs are targeted for a positioning attempt the implementation based on geometry, i.e. the geographical location, of the eNBs is showing improved performance compared to  the implementation based on signal strength (SS) selection of eNBs. This is partially a consequence of the SINR invariant UE timing error model. For 10 or more eNBs the performance of the two approaches are more or less comparable.
Table 2 Horizontal accuracy achievable at the 67th and 95th percentile for EPA propagation conditions.

	Max number of eNBs
	Accuracy at 67th and 95th percentile [m]

	
	SS based eNB selection
	Geometry based eNB selection

	5 eNBs
	205 / 439
	201 / 347

	10 eNBs
	140 / 253
	141 / 254

	15 eNBs
	118 / 231
	118 / 230

	20eNBs
	108 / 221
	112 / 233


Table 3 Horizontal accuracy achievable at the 67th and 95th percentile for TU propagation conditions.

	Max number of eNBs
	Accuracy at 67th and 95th percentile [m]

	
	SS based eNB selection
	Geometry based eNB selection

	5 eNBs
	235 / 508
	218 / 385

	10 eNBs
	159 / 294
	151 / 277

	15 eNBs
	130 / 252
	129 / 249

	20eNBs
	115 / 249
	119 /244


Of interest is also the likelihood that a UE cannot access three or more cells, which is needed to complete the presented TAM procedure. In the above investigated network setup the likelihood of a UE not being able to access three or more cells, due to a coupling loss exceeding 164 dB, was recorded to 1.5%. 
4 Analysis

The TAM procedure outlined in this paper involves a procedure impacting both at the UE and eNB side. For the UE the requirement to synchronize and access a number of cells will when the UE is in extended coverage be time consuming. 
It may also have an impact on the UE energy consumption, and this aspect deserves further attention.  
Observation 1: TAM can be associated with a long estimation time which may have an impact on the UE battery consumption and a positioning delay
But it should be noted that for TAM, being a TA based method, it is sufficient to access three cells. For time difference of arrival (TDOA) based methods at least four cells need to be involved in a positioning attempt. 
The procedure will also consume radio resources in each cell the UE visits, and optimizations to the contention resolution procedure discussed in section 2 may be considered to improve the method.
The TAM positioning accuracy is furthermore heavily dependent on the UE and eNB timing estimation performance. The results presented in section 3 were based on the UE timing error model presented in [2] where the UE performance is assumed to correspond to a timing error uniformly distributed between ±.5/240·103 s. This is believed to map to a low complexity UE just slightly better than the 3GPP timing requirement [5]. It is expected that the presented performance will be improved for a UE supporting higher accuracy than the minimum requirements defined by 3GPP. 
Observation 2: TAM can be improved by more tailored UE processing. 

TAM does not require a synchronized network, since the considered TA measurements are associated to the relative distance between the eNB and the UE.

Observation 3: TAM does not require a synchronized network.
5 Conclusions
This contribution has introduced a new uplink based procedure for positioning of NB-IoT devices in asynchronous networks. It has been shown that promising results are within reach if sufficiently many eNBs are involved in the positioning of a device. It is therefore felt motivated to continue the investigation of solutions for asynchronous networks 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 TA estimation accuracy while limiting the impact on the UE complexity, on the impact on UE power consumption and on the procedures needed to support the proposed method.
In addition to the above summary the following observations were made in the contribution:

Observation 1: TAM may be associated with a long estimation time which may have an impact on the UE battery consumption and a positioning delay.

Observation 2: TAM can be improved by more tailored UE processing. 

Observation 3: TAM does not require a synchronized network.
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