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[bookmark: _Ref409106980]Introduction
At RAN#72, a new work item for Narrowband IoT (NB-IoT) enhancement was proposed, see [1]. One important objective is to extend Rel-13 design to support positioning to further increase the market impact. 
In this contribution, we introduce a simulator developed to support system evaluations needed to assess uplink and downlink based positioning solutions for NB-IoT. This simulator was used when evaluating the performance of the three solutions introduced in [2], [3] and [4]. The simulator has been designed to follow the requirements outlined in [5].
This paper contains an updated version of the simulator descriptions presented in [10]. In this version the following new items implemented in the simulator have been captured:
· NPRACH based UTDOA interference modelling.
· PRS muting modelling
All major updates to the text have been highlighted using red font.
General description
The simulator developed is based on a state of the art system simulator used during the evaluations of the feasibility study leading up to the NB-IoT normative work in Release 13. It supports a hexagonal cell grid layout and configurable models for the eNB and UE antenna diagrams as well as for large scale path gain models such as distant dependent path loss, shadow fading and building penetration loss. Small scale fading characteristics, i.e. fast fading, is modelled using traditional link to system mappings specifically developed for both the UE and eNB.
In the first version of the simulator background traffic and interference is not modelled, so the results obtained from the simulator and presented in [2], [3] and [4] corresponds to performance achievable in a strict sensitivity limited scenario.
To upgrade the simulator to support positioning a few new modules have been implemented. These are described in sections 3, 4 and 5.
[bookmark: _Ref458718967][bookmark: _Ref458166969]Positioning framework
Enhanced Cell ID positioning based on Timing Advance
A simple method based on the serving cell geographical location and the Timing Advance (TA) to a UE has been implemented. In this method the UE positions is derived relative to the geographical location of the serving eNB using the main antenna lobe direction and estimated TA. The solution is illustrated in the below figure.
[image: ]
Figure 1 E-CID Positioning of a UE based on TA 
To position a UE using this method it is assumed sufficient with a link between the UE and the serving cell with a coupling loss less than 164 dB.
This method was only used as fall-back in case it was detected that the tri- and multilateration methods used for the TA based and TDOA based methods presented in the next two sections did not converge towards a reliable estimate. 
Timing advance based multi-leg positioning
For the timing advance (TA) based multi-leg method the estimated TA geographically defines a circle around an eNB which suggests the distance between the eNB and the UE. The intersection of circles from three or more eNBs allows the system to determine the actual position of the UE.

[image: ]
Figure 2 Positioning of a UE using TA based multi-leg trilateration. 
Including more than three cells in the multilateration procedure can improve the positioning estimation. So to position a UE using this method it is assumed that at least links between the UE and three eNBs with a coupling loss less than 164 dB exists. If less than three eNBs could be found for a UE outage was declared for that UE and the E-CID positioning was applied for that particular UE.
Time difference of Arrival based positioning
For the time difference of arrival (TDOA) methods the estimated TDOAs geographically define hyperbolas related to the time of arrival measured at an eNB relative the time of arrival measured at a reference eNB. The intersection of two or more hyperbolas suggests the whereabouts of a UE as it has been shown in Figure 3. In many cases when the hyperbolas meet in only one point, the position estimation can be done by having only three eNBs. 
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Figure 3 Positioning of a UE using TDOA based multilateration. 
To position a UE using this method it is assumed that at least links between the UE and three eNBs with a coupling loss less than 164 dB exists. If less than three eNBs could be found for a UE outage was declared for that UE and the E-CID positioning was applied for that particular UE.
During the simulations it has been noticed that although three eNBs may provide an accurate positioning estimate at least four eNBs are needed to secure robust performance. 
[bookmark: _Ref458718970]Selection of eNBs 
When selecting the eNBs to take part in a positioning attempt there are at least two aspects to take into consideration:
· The quality of the link between the UE and the eNB. This quality can e.g. be determined by a SINR, or signal level estimate.
· The geographical geometry of the eNBs relative to the UE. Since the UEs location is unknown the geographical geometry of the eNBs relative the expected area of the serving/camped on cell may be used instead of the UEs location as input to this method.
Two methods have been implemented in the simulator, one for each of the two above methods. The quality based method simply uses the N strongest cells, in terms of estimated signal strength, that are in coverage. The geometry based method on the other hand only focuses on finding N cells, in coverage, with optimal geographical distribution around the serving/camped on cell.
An optimal approach to find the best eNBs to take part in a positioning attempt likely takes both these aspects into account. The implementation of such a method is for further study.
[bookmark: _Ref458718971]Link to system methodology
Downlink
NPSS
A simple model has been developed to characterise the performance achievable when the NPSS channel is used by a device to estimate the DL timing. It has been verified that for a low complexity UE using 240 kHz sampling rate a uniformly distributed timing error between ±0.5/240·103 s is achievable. This corresponds to a UE with slightly better timing performance than the 3GPP requirements of ±80Ts specified for NB-IoT [6]. This model has been verified to apply for all coupling losses down to 164 dB. It can be noted that in coverage extension (CE) levels 1 and 2 an increased NPSS acquisition time is needed to meet this requirement. 
This DL timing error model was used in the evaluations of DL TDOA and TA based multi-leg methods for NB-IoT found in [3] and [4].
PRS
To improve positioning performance beyond that believed achievable by existing Release 13 NB-IoT channels the simulator was updated to support LTE PRS adapted for NB-IoT as proposed in [8]. The UE DL timing error characteristics at reception of the PRS was investigated for PRS occasions containing 10, 40 or 100 consecutive subframes in a set of link level simulations following the general assumptions presented in Table 1.
[bookmark: _Ref462832704]Table 1: Link simulation parameters for evaluation of PRS timing accuracy.
	Parameter
	Value

	Channel model
	EPA, ETU

	Doppler spread
	1 Hz

	Antenna configuration
	2 Tx; 1 Rx

	Timing uncertainty
	Randomly drawn from [-5.2 us, 33.3+5.2 us]. 

	Frequency error
	Uniformly drawn from the set {-50 Hz, 50 Hz}.

	MS frequency drift
	Uniformly drawn from the set {-22.5 Hz/s, 22.5 Hz/s}.

	# PRS subframes
	10; 40; 100

	# realizations
	1,000

	SNR range
	-30 to 40 dB



The investigations resulted in a comprehensive set of timing error CDFs, each characterising the UE timing accuracy at a certain SNR, channel condition and PRS transmission length combination. Figure 4 and Figure 5 exemplifies the results by showing the timing accuracy achieved when a UE accumulates the PRS using 10, 40 or 100 subframes at 15.5 dB, 5.5 dB, and -4.5 dB SNRs corresponding to 144, 154 and 164 dB coupling losses when assuming a signal bandwidth of 180 kHz, a stand-alone eNB using 43 dBm and a UE with NF 5dB. These CDFs were integrated in the system simulator to map the link quality experienced by a UE to a PRS timing error.
[image: ]
[bookmark: _Ref462832812]Figure 4 PRS timing error distribution for EPA propagation conditions at coupling losses 144, 154 and 164 dB.
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[bookmark: _Ref462832814]Figure 5 PRS timing error distribution for ETU propagation conditions at coupling losses 144, 154 and 164 dB.

Uplink
NPRACH
In the uplink the eNB timing error characteristics have been investigated for 2, 8 and 32 NPRACH repetitions following the assumptions in the below Table 2.
[bookmark: _Ref458178122]Table 2: Link simulation parameters
	Parameter
	Value

	Channel model
	EPA, TU

	Doppler spread
	1 Hz

	Antenna configuration
	1 Tx; 2 Rx

	Timing uncertainty
	Randomly drawn from [-5.2 us, 233.3+5.2 us]. 

	Frequency error
	Uniformly drawn from the set {-50 Hz, 50 Hz}.

	MS frequency drift
	Uniformly drawn from the set {-22.5 Hz/s, 22.5 Hz/s}.

	# NPRACH repetitions
	2; 8; 32

	# realizations
	1,000

	SNR range
	-30 to 30 dB



The evaluation resulted in a comprehensive set of timing error CDFs, each characterising the eNB timing accuracy at a certain SNR, channel condition and NPRACH repetition level combination. Figure 6 and Figure 7 exemplifies this by showing the timing accuracy achieved with the NPRACH using 2, 8 or 32 repetitions at 14.3 dB, 4.3 dB, and -5.7 dB SNR corresponding to 144, 154 and 164 dBs coupling losses when assuming a signal bandwidth of 3.75 kHz, 23 dBm UE power class and 3 dB eNB NF. These CDFs were integrated in the system simulator to map the link quality experienced by a eNB to a timing error. It should be noted that the TU performance is inferior to the EPA performance which is due to the higher time dispersion of the TU channel.
The below CDFs were of importance in the evaluations of the TA based multi-leg method for NB-IoT presented in [3].
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[bookmark: _Ref458762214]Figure 6 NPRACH timing error distribution for EPA propagation conditions at coupling losses 144, 154 and 164 dB using 2, 8 or 32 NPRACH repetitions.
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[bookmark: _Ref458762204]Figure 7 NPRACH timing error distribution for TU propagation conditions at coupling losses 144, 154 and 164 dB using 2, 8 or 32 NPRACH repetitions.
In Figure 8 and Figure 9 timing error CDFs for 32 repetitions and SNRs mapping to 144, 154 and 164 dB are shown. To understand the performance of UL TDOA in [2] it is important to understand the performance achieved at a large range of SNRs when using 32 repetitions, since in the preliminary investigations performed for UL TDOA in [2] assumes that 32 NPRACH repetitions and full power are always used by the UEs. Again the performance for EPA is superior to the performance seen for TU.
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[bookmark: _Ref458762479]Figure 8 NPRACH timing error distribution for EPA propagation conditions at coupling losses 144, 154 and 164 dB using 32 NPRACH repetitions.
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[bookmark: _Ref458763627]Figure 9 NPRACH timing error distribution for TU propagation conditions at coupling losses 144, 154 and 164 dB using 32 NPRACH repetitions.
PRS 
PRS network plan
The PRS adapted to NB-IoT was designed to support a six reuse, meaning that six orthogonal PRS resource element patters are supported within any given PRB. In a synchronized one frequency reuse system, as commonly investigated for NB-IoT, the PRS reuse will help reduce the interference level experienced over any of the six available PRS patterns to levels associated with a six frequency reuse. Only cells using the same PRS pattern will ideally interfere each other. 
Figure 10 shows the simple PRS plan implemented in the hexagonal cell structure of the system simulator to investigate the positioning performance based on the PRS. The notation “px” with x selected from the set {1,2,3,4,5,6} is used to indicate the six available patterns.
Section 7.1 illustrates the impact on the network SINR levels from the introduction of the PRS plan.
 
[image: ]
[bookmark: _Ref462835022]Figure 10 PRS system plan based on a six reuse.
[bookmark: _Ref465241192]PRS muting
In the simplest form PRS muting adds a time dimension to the PRS plan that expands the PRS orthogonality beyond the 6 reuse PRS clusters illustrated in Figure 10. The simulator functionality was in a first step equipped with an on/off muting pattern depicted in  using the notation m0 and m1. Also the PRS patterns are for completeness indicated.
When the PRS is active and transmitted in m0 cells, it is muted in m1 cells. Likewise, when the PRS is active and transmitted in m1 cells, it is muted in m0 cells. This effectively creates a 12 resue, that has a positive impact on the SINR levels experienced by users being positioned.
Section 7.1 illustrates the impact on the network SINR levels from the introduction of the muting schedule.
[image: ]
Figure 11 PRS and muting schedule configuration creating a 12 reuse.
Interference modelling
[bookmark: _Ref465254477]OTDOA interference modelling
At RAN1#86 it was agreed to in addition to a coverage limited scenario model interference at system loads of 10%, 50% and 100%. Since the time of the agreement a simple model was implemented where each interferer is active or inactive with a likelihood determined by the configured system load. At a load of 50%, five out of 10 interferes will be active.
Figure 12 presents the DL SINR distributions in a one frequency reuse system for the three interference load levels of 0% (i.e. a purely coverage limited system), 50% and 100% under the assumption that each UE attempts to synchronize to the studied DL reference signal in 10 cells. The significant impact on the SINR distributions indicates the importance of modelling interference when investigating positioning performance.
The impact on activating the PRS pattern and/or enabling muting is also presented in the figure. The PRS and muting as expected drastically improve the SINR condition.
The DL SINR is defined at the system bandwidth of 180 kHz and the UE Noise Figure (NF) of 5 dB, implying that 164 dBs coupling loss corresponds to -12.5 dB SNR when the eNB is configured to use 35 dBm.
[image: ]
[bookmark: _Ref465972744]Figure 12 DL SINR distribution at eNB output power of 35 dBm interference loads of 0, 50 and 100%, with PRS and muting activated or not..
The PRS interference statistics depicted above was derived under the assumption that the six available PRS patterns are orthogonal in time and frequency. This is assumption is only valid if the propagation delay between a device and all eNBs are identical. Differences in propagation delays will cause different patterns to lose their orthogonality in time and frequency. The figure below shows a CDF of the recorded differences in device to eNB propagation delays when up to 20 interferers are considered. It is clear the time difference rarely goes above 10% of the NB-IoT symbol length, and in most cases are shorter than the 8 us cyclic prefix which will offer protection to the interference leakage between PRS patterns. It can hence be concluded that assuming perfect orthogonality between different PRS patterns is a reasonable simplification for these evaluations.
[image: ]
Figure 13 CDF over recorded differences in UE to eNB propagation delays when up to 20 interferers are considered.
NPRACH based UTDOA interference modelling
To facilitate NPRACH based UTDOA it is expected that a coordination of the activity level in different cells is needed. This can be compared to the muting of OTDOA PRSs discussed in section 6.2. To model NPRACH performance it has been assumed that perfect coordination is possible to achieve, meaning that at any given moment only the UEs in a single cell is active and sending their NPRACHes for positioning. However even though UEs are ordered to use orthogonal starting NPRACH sub-carriers there will be a leakage between the preambles due to the in-band emission level as elaborated upon in [11]. 
This leakage is modelled by assuming a 30 dB adjacent sub-carrier protection, meaning that a preamble at signal level of X dBm in sub-carrier n will expose the sub-carrier n+k, for k belonging to the set {0,1,..,n-1,n+1,..47}, to an interference level of X – 30 dB.
Figure 14 depicts the NPRACH UTDOA UL SINR distribution at different levels of access load when the mentioned interference due to in-band emissions is taken into consideration, while assuming that:
· All preambles are sent with full power of 23 dBm.
· All preambles are sent on orthogonal starting sub-carriers.
· 1, 6, 11, or 21 users are accessing the same NPRACH resource.
The SINR is defined at the sub-carrier bandwidth of 3.75 kHz and the eNB NF of 3 dB, implying that 164 dBs coupling loss corresponds to -5.7 dB SNR. A significant impact on the SINR distribution is observed already at a load of 6 access attempt per NPRACH resource, and the impact increases with the load. At a load of 21 users ~40% of all recorded samples fall below -5.7 dB, implying that the recorded link is out of coverage.
It should be noted that it was here assumed that 80% of the users are indoor while 20% of the users are outdoor. This is believed to accurately reflect a typical indoor and outdoor user distribution, which is important when considering UTDOA performance.
[image: ]
[bookmark: _Ref465242003]Figure 14 NPRACH UTDOA UL SINR distribution at different levels of access in a coordinated system.
Summary
This paper has introduced a new system simulator dedicated to investigations of NB-IoT positioning performance. A general introduction to the simulator has been given along with a more elaborate description of new functionality implemented to support the in [2], [3], [4], [9], [12] and [13] evaluated positioning procedures, i.e. UL TDOA, DL TDOA and TA based multi-leg positioning methods for NB-IoT.
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