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[bookmark: _Ref421460494]At RAN#69 a new work item on narrowband IoT was agreed [1]. 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

A technical evaluation for the solutions outlined from [1] strives for a single solution / down-selection, and the decision will be performed by RAN #70 based on RAN1 evaluation. The current options under study are:
· OFDMA on the downlink with two numerology options: 
· 15 kHz sub-carrier spacing (with normal or extended CP) and 
· 3.75 kHz sub-carrier spacing. 
· For the uplink, 	two options are considered: 
· FDMA with GMSK modulation (as described in 3GPP TR 45.820 section 7.3), and 
· SC-FDMA (including single-tone transmission as a special case of SC-FDMA) 
This document outlines a summary of our evaluation and proposes NB-IoT design recommendations for RAN#70. 
Downlink configuration
In-band operation
The in-band NB-IoT performance has been evaluated in [4] and [5]. Both evaluations use a 15 kHz OFDMA subcarrier spacing that provides orthogonality with LTE operation. In [12] we have compared the two downlink numerologies of 15 kHz and 3.75 kHz and in the case of in-band deployment we have noted significant worst NB-IoT performance when 3.75 kHz is utilized. We have also observed that about 50% more repetitions would be required to compensate for such loss. For in-band operation the choice of numerology should be based 15 kHz in-band for simpler operation with LTE and better coexistence, e.g. no guard band between NB IoT in-band deployment and the normal LTE deployment. The data rate for 164 dB MCL is:
· DL 0.44 kbps
· UL 0.31 kbps

Observation: For in-band deployment, performance for 3.75 kHz is significant worse than for 15 kHz subcarrier spacing.
Proposal: Use 15 kHz subcarrier spacing for in-band deployment in downlink. 

Guard band operation
The performance in guard band operation has been evaluated in [6] and [9]. Both evaluations use a 15 kHz OFDMA subcarrier spacing which provides orthogonality with LTE operation. For guard band operation the choice of numerology should be based on 15 kHz guard band to enable placement of the NB IoT carrier next to the outer LTE PRB. For this deployment, the NB IoT deployment will be orthogonal with the LTE deployment while minimum coexistence with the neighbour carrier. 
The data rate for 164 dB MCL is:
· DL 0.59 kbps
· UL 0.31 kbps

Proposal: Use 15 kHz subcarrier spacing for guard band deployment in downlink. 

Stand-alone operation 
The performance in stand-alone operation may be impaired by the additional filtering required to meet the GSM spectrum mask in a refarmed GSM spectrum. The performance in stand-alone operation has been evaluated in [10] and [11] using transmit filtering meeting the GSM spectrum mask. No significant degradation in performance has been observed. Thus the numerology for stand-alone operation should follow that of the in-band and guard band deployment to simplify the NB IoT solution and minimize device complexity. 
The data rate for 164 dB MCL is:
· DL 2.73 kbps
· UL 0.31 kbps

Proposal: Use 15 kHz subcarrier spacing for stand-alone deployment in downlink. 

Uplink configuration
The key focus areas for NB IoT is low cost with extended coverage.  Single tone transmission considered in both proposals offers efficient way to achieve this. UL analysis is provided in [19].
PAPR 
With single tone transmission and with pi/2-BPSK modulation, UL Single Tone SC-FDMA can achieve very low PAPR. The PAPR is mostly resulted due to transitions at symbol boundaries. 

[bookmark: _Ref434312794]Table 1 UL Single Tone SC-FDMA access scheme PAPR performance.
	
	PAPR 

	Complementary CDF
	99%
	99.9%

	pi/2-BPSK, single tone
	0.11 dB
	0.47 dB



Complexity/efficiency
As can be seen in Table 1 the PAPR is very close to 0 dB. This results that the PA design can be made very efficient, while still meeting the GSM spectrum mask as shown in [19].  In addition, when considering especially the single tone transmission, the transmitter architecture can be made to be very low complexity (e.g. single tone transmitter there is no need to support FFT etc.).

Observation: Use SC-FDMA (including single-tone transmission as a special case of SC-FDMA) which achieves very good PA efficiency and low complexity transmitter chain. 
Proposal: Consider SC-FDMA with single-tone transmission as UL solution.

System Aspects

Latency
Latency have been evaluated in [12], [13], and [14] and outlined in the table below.

Table 2 Latency Evaluations.
	
	Stand Alone
	In-Band
	Guard-Band

	Activity
	Time (ms)
	Time (ms)
	Time (ms)

	Synchronization
	520
	1110
	1110

	MIB acquisition
	640
	1920
	1920

	PRACH
	1440
	1440
	1440

	Wait
	572
	1440
	1200

	DCI + RAR 
	72
	288
	240

	Msg3
	349
	349
	349

	DCI + Msg4
	83
	299
	251

	DCI (UL grant)
	45
	153
	129

	UL Data Tx
	2163
	2163
	2163

	90% confidence
	5884
	9162
	8802

	 
	 
	 
	 

	DCI (UL grant)
	45
	153
	129

	UL Data Tx
	2163
	2163
	2163

	99% confidence
	8092
	11478
	11094



Exception report latency of <10 second can be achieved in all scenarios with 90% confidence.

Battery life
Battery lifetime has been evaluated in [15], [16], and [17] based on the assumptions in [2]. The battery lifetime has been summarized in the table below.

Table 3 Battery lifetime evaluations.
	Packet size, reporting interval
	164 dB MCL

	 
	Stand Alone
	In-Band
	Guard-Band

	50 bytes, 2 hours
	2,6
	2,4
	2,4

	200 bytes, 2 hours
	1,2
	1,2
	1,2

	50 bytes, 1 day
	18,0
	16,8
	17,0

	200 bytes, 1 day
	11,0
	10,5
	10,6




The energy consumption evaluation shows that the 10 year battery life objective can be met or exceeded for “once per day” traffic scenarios in standalone operation.
Capacity
Capacity has been evaluated in [18] showing that the required 50k user per cell can easily be achieved. The system capacity will remain unchanged deploying single tone transmission while the UE capacity/throughput will be limited to single subcarrier capacity. For higher UE throughput multitoned UE can be deployed. 
Observation: Latency, battery life and capacity are fulfilling and even exceeding the NB-IoT objectives.
Conclusions
The analysis collected in this paper indicates that the LTE based numerology for NB IoT either exceeds the performance requirements or performs on par with alternative technical solutions. The key requirements for NB IoT are [2]:
· Improved indoor coverage: 160 bps for 164 dB MCL
· Support of massive number of low throughput devices: 52547 devices per cell
· Reduced complexity: Very low cost (no objective target)
· Improved power efficiency: 10 year battery life at 164 dB MCL with a 5Wh battery
· Latency: 10 seconds from ‘trigger event’ to ready for transmission in uplink

Furthermore, the requirements need to be fulfilled in all three deployment scenarios [1]:
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

The solution laid out in this document based on OFDMA 15 kHz subcarrier spacing in downlink and SC-FDMA uplink with single-tone transmission do meet or exceed the requirements:



Table 4 NB IoT compliance summary.
	Requirement
	Target [2]
	Solution

	Improved indoor coverage
	160 bps for 164 dB MCL
	> 310 bps @ 164 dB MCL

	Massive number of devices
	52547 devices per cell
	> 71k user per cell

	Reduced complexity
	Very low cost
	PAPR < 0.5dB @ 99.9%

	Improved power efficiency
	10 year battery @ 164 dB MCL
	>10.5 years

	Latency
	10 s
	< 10s




Thus, for the sake of compliance, implementation and standardization simplicity, the paper suggests the following:

Proposal: recommendation for RAN#70:
· OFDMA on the downlink: 
· 15 kHz sub-carrier spacing (with normal or extended CP) and 
· For the uplink: 
· SC-FDMA (including single-tone transmission as a special case of SC-FDMA) 
The above numerology meets or exceeds all the targets for NB IoT as described in [2].
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