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[bookmark: _Ref409106980]Introduction
At RAN#69, a new work item named NarrowBand IOT (NB-IOT) was approved, see [1]. The objective is to specify a radio access for cellular internet of things that addresses improved indoor coverage, support for massive number of low throughput devices, low delay sensitivity, ultra-low device cost, low device power consumption and (optimized) network architecture. 
NB-IOT should support 3 different modes of operation: 
1.	“Stand-alone operation” utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers
2.	“Guard band operation” utilizing the unused resource blocks within a LTE carrier’s guard-band 
3.	“In-band operation” utilizing resource blocks within a normal LTE carrier
NB-IOT currently includes two options under consideration, SC-FDMA and FDMA with GMSK modulation. In   [2], an uplink design based on SC-FDMA with 2.5 kHz subcarrier spacing for M-PUSCH is described. In this contribution, we present performance evaluation results for this option in an in-band deployment.
Performance Evaluations
Simulation Assumptions
The different M-PUSCH formats used are provided in [4]. The simulation assumptions are listed in Table 1.
[bookmark: _Ref434312069]Table 1: Simulation assumptions for link level evaluations
	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	TU

	Doppler spread
	1 Hz

	Interference/noise
	Sensitivity

	Antenna configuration
	BS: 1 Tx, 2 Rx
MS: 1 Tx, 1 Rx

	Timing error
	NB-IOT Basic and Robust formats: Randomly distributed between [-3.125, 3.125] us. (see [3])
NB-IOT Extreme format: Randomly distributed between [-31.25, 31.25] us. (see [3])
LTE: Randomly distributed between [-3.125, 3.125] us.

	Frequency error
	 
F_offset(t) = F_est_error + (F_drift_active * t). 

	Frequency error  (F_est_error)
	Randomly chosen from the set {-50, 50} Hz

	Frequency drift rate (F_drift_active)
	22.5 Hz/second

	MS transmit power (dBm)
	23 dBm

	Thermal noise density (dBm/Hz)
	-174

	BS Receiver noise figure (dB)
	3

	Receiver processing gain (dB)
	0

	LTE Modulation
	QPSK

	Number of LTE PRBs
	1 and 10

	LTE User SNR
	0 dB, 2 dB, 5 dB, 10 dB, 16 dB, 20 dB



The frequency error modeling is the same for both LTE and NB-IOT users. For the NB-IOT user using basic format, the edge subcarriers are used as shown in Figure 1. Denoting the subcarrier located at the edge as subcarrier 1, the basic format user occupies subcarriers 1 to 24. For the robust and extreme formats, the subcarriers used are located at the center in order to provide robustness to the LTE interferer. Specifically, we use subcarriers 33 and 34 for the robust format user, and subcarrier 35 for the extreme format user.
[image: ]
[bookmark: _Ref434587968]Figure 1: Subcarrier allocation for the different NB-IOT user formats
 
The NB-IOT users using the basic and robust formats use a root-raised cosine transmit filter with rolloff 0.1 and bandwidth 240 kHz. For the extreme format user, the gaussian transmit filter described in [5]  is used to ensure low PAPR. The LTE transmit filter coefficients are given as [-0.0104, 0.0314, -0.0180, -0.0327, 0.0694, -0.0229, -0.1205, 0.2852, 0.6420, 0.2852, -0.1205, -0.0229] at a sampling rate of 15.36 MHz. The filter response is shown in Figure 2.
[image: ]
[bookmark: _Ref434502335]Figure 2: LTE transmit filter
Simulation Results
The results are shown in terms of Block Error Rates (BLER) with varying SNR and different SNR levels of the interfering LTE users. The results are shown in Figure 3, Figure 4 and Figure 5 for basic, robust and extreme formats, respectively. The degradation in the SNR required for achieving 10% block error rate (BLER) in the presence of interfering LTE users is tabulated in Table 2.
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[bookmark: _Ref434311929][bookmark: _Ref434311924]Figure 3: BLER vs SNR for M-PUSCH basic format with 2.5 kHz subcarrier spacing and interfering LTE users. (left) 1 Interfering LTE PRB (right) 10 interfering LTE PRB
[image: ][image: ]
[bookmark: _Ref434315913]Figure 4: BLER vs SNR for M-PUSCH robust format with 2.5 kHz subcarrier spacing and interfering LTE users. (left) 1 Interfering LTE PRB (right) 10 interfering LTE PRB
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[bookmark: _Ref434315914]Figure 5: BLER vs SNR for M-PUSCH extreme format with 2.5 kHz subcarrier spacing and interfering LTE users. (left) 1 Interfering LTE PRB (right) 10 interfering LTE PRB

[bookmark: _Ref434316003]Table 2: Effect of LTE user on NB-IOT user in in-band deployment with 2.5 kHz subcarrier spacing
	Logical channel name
	M-PUSCH (extreme)
	M-PUSCH (robust)
	M-PUSCH (basic)

	                   Interfering PRBs  
LTE User SNR
	1
	10
	1
	10
	1
	10

	No LTE User
	-5.8 dB
	-5.8 dB
	-0.6 dB
	-0.6 dB
	0.8 dB
	0.8 dB

	0 dB
	-5.8 dB
	-5.8 dB
	-0.4 dB
	-0.3 dB
	1.3 dB
	1.2 dB

	2 dB
	-5.8 dB
	-5.8 dB
	-0.4 dB
	-0.3 dB
	1.5 dB
	1.3 dB

	5 dB
	-5.7 dB
	-5.7 dB
	-0.3 dB
	-0.2 dB
	1.8 dB
	1.7 dB

	10 dB
	-5.3 dB
	-5.1 dB
	0.1 dB
	0.4 dB
	3.1 dB
	3.1 dB

	16 dB
	-3.9 dB
	-3.4 dB
	1.5 dB
	2.2 dB
	6.2 dB
	6.3 dB

	20 dB
	-2 dB
	-1 dB
	3.6 dB
	4.6 dB
	9.3 dB
	9.5 dB



Conclusions
In this contribution, we presented link level evaluation results for NB-IOT uplink using SC-FDMA in in-band deployment. Results show that the degradation is very minor for UEs using robust and extreme coverage formats (less than 1 dB) when the LTE user is operating at an SNR of less than 10 dB. For the basic format user, the degradation is less than 1 dB when the LTE user is operating at an SNR of less than 5 dB. 
Observation 1: The impact of LTE interference is dominated by users scheduled in adjacent PRBs. The degradation of performance for the NB-IOT user caused due to the presence of LTE users is minor on moving from 1 adjacent PRB to 10 adjacent PRBs. 
[bookmark: _GoBack]Observation 2: The impact of LTE interference on NB-IOT M-PUSCH can be minimized by scheduling the LTE UEs to have SNR between 5-10 dB in the immediate neighboring PRB. When a basic format NB-IOT user is scheduled, the SNR of the LTE users scheduled in the immediate neighboring PRB is recommended not be more than 5 dB. When scheduling robust and extreme format NB-IOT users, the LTE user SNR in the first neighboring PRB is recommended not be more than 10 dB.
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