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1 Introduction

At RAN#69 plenary meeting, a new WI named “NB-IoT” was approved based on the outcome of the SI on the cellular IoT [1]. According to the WID, two different OFDM subcarrier spacing would be considered as candidates for the downlink design: 
· OFDMA on the downlink

· Two numerology options will be considered for inclusion: 15 kHz sub-carrier spacing (with normal or extended CP) and 3.75 kHz sub-carrier spacing. Technical analysis will either perform a down-selection or decide on inclusion of both based on the feasibility of meeting relevant requirements while achieving commonality (to be finalized by RAN #70)

In this contribution, we give some comparisons of these two subcarrier spacing options with respect to a number of technical aspects and provide our views accordingly.  
2 Discussions
2.1 Spectrum efficiency
Cyclic-prefix (CP) is inserted in OFDM systems to make an OFDM signal insensitive to time dispersion as long as the span of the time dispersion does not exceed the length of the cyclic prefix. In this sense, the length of CP should not be shorter than a certain value for these two different subcarrier spacing, i.e., 15kHz and 3.75kHz targeting the same deployment.
On the other hand the insertion of CP implies a corresponding power loss in the demodulation and a corresponding reduction of spectrum efficiency. One straightforward way to reduce the relative overhead of CP is to reduce the subcarrier spacing, with a corresponding increase in the symbol time as a consequence. Table 1 shows the percentage of the CP overhead accounts for the overall resources assuming three different CP lengths and 3.75 and 15 kHz subcarrier spacing. The three CP lengths are the CP lengths respectively defined for LTE (including both normal CP and extended CP) and in sub-clause 7.3 for the design based on 3.75kHz subcarrier spacing in [2]. 
Table 1. CP overhead comparison
	Assumed CP length
Subcarrier spacing
	LTE normal CP (5.2us/4.7us)
	LTE extended CP (16.7us)
	CP length in [2] (25us)

	3.75kHz
	1.9%/1.7%
	5.9%
	8.6%

	15kHz
	7.3%/6.6%
	20%
	27.3%


Note: the limitation that a CP is composed of integral number of samples is not taken into account.
Based on the comparison, we have the following observation. 
Observation 1: 3.75kHz subcarrier spacing has higher spectrum efficiency than 15kHz subcarrier spacing assuming the same CP length.
With regard to the CP overhead, one may argue that when the CP is short enough (e.g. the same length as LTE normal CP), the percentage of CP overhead accounts for the total resources is very low and show minor difference for different subcarrier spacing.  However, as shown by our companion contribution [3], due to the use of transmit windowing/filtering, longer CP than LTE normal case and more stringent residual timing error requirement are very desired to limit the EVM. As a consequence, the relative CP overhead will be increased and hence spectrum efficiency is reduced correspondingly.
Observation 2: The CP of sufficient length (expected to be longer than LTE normal CP) is required by the NB-IoT system to counter the residual timing error and extra ISI caused by transmit windowing/ filtering. 
It is generally known by the IC industry that direct conversion (zero IF) receivers introduce significant distortion on the baseband signal components near zero Hz, such as the DC subcarrier of an OFDM system. This is due to the leakage of the local oscillator and other implementation issues. In order to support the direct conversion receiver, LTE includes an unused DC subcarrier in the downlink numerology. There were also discussions on the DC impact for eMTC, and an LS was sent by RAN4 saying that RAN4 will assume that one subcarrier is punctured in the demodulation test.  

The DC overhead will become more prominent as the increase of subcarrier spacing given a constant system bandwidth if an unused DC subcarrier is introduced. Specifically each subcarrier accounts for 8.3% (1/12th) of the total available DL resources for the NB-IoT system based on 15kHz subcarrier spacing while only 2.1% (1/48th) for the NB-IoT system based on 3.75kHz subcarrier spacing. 
Observation 3: 3.75kHz subcarrier spacing means much lower DC overhead compared to 15kHz subcarrier spacing in case one unused DC subcarrier is specified.  
2.2 Frequency reuse
In cellular networks, frequencies allocated to the service are reused in a regular pattern of cells/sectors. In WCDMA and LTE systems, full frequency reuse (i.e. frequency reuse factor of 1) is employed to provide the main benefit of ease of deployment, given that no frequency planning is required. However, it may not always be applicable to the NB-IoT system for the following reasons:
· Full frequency reuse has the drawback that some users experiencing large pathloss and/or penetration loss cannot be served due to the SINR degradation caused by excessive inter-cell interference. This problem becomes more fundamental for the NB-IoT system where a very high percentage of reliable coverage is required.
· The assumed superiority of full frequency reuse on spectrum efficiency may not hold for NB-IoT because the increment of available system bandwidth may not be sufficient to counteract the overall system SINR degradation, as a result of higher inter-cell interference and so an increased noise floor.  
· The extra operations for adaptive channel and interference management in order to alleviate the inter-cell interference may not be affordable by the low-cost, low-complexity and rapidly deployable NB-IoT system. The undesired extra operations may include but are not limited to (using LTE as an example):
· Inter-cell coordination (e.g. RNTP, OI and HII exchange through X2 interface) ,which usually complicates the scheduling design;
· Fast closed-loop power control;
· More advanced receivers e.g., SIC, at both network and UE sides;
· Frequent measurement and periodic CSI report.
For the reasons above, the design proposal based on 3.75kHz subcarrier spacing supports flexible frequency planning from the very beginning. In contrast, due to the much fewer available subcarriers, it is very challenging to support looser frequency reuse than full frequency reuse by the 15kHz subcarrier spacing option, especially when the LTE channel/signal designs are to the largest extent reused. 
Observation 4: It is easier for 3.75kHz subcarrier spacing than 15kHz subcarrier spacing to support flexible frequency reuse which is beneficial for the NB-IoT system. 
2.3 Demodulation complexity
In the OFDM system, the sampling rate is proportionate to the subcarrier spacing and the size of IFFT. 
· The sampling rate for 3.75kHz subcarrier spacing option is a quarter of that for 15kHz subcarrier spacing option, assuming the same size of IFFT is applied to both options.
· The minimum IFFT size for the 3.75kHz subcarrier spacing option is 64 while the minimum value for the 15kHz subcarrier spacing is 128 to avoid the CP length of non-integer number of samples and to maintain the same CP length as LTE.
As a result, the minimum sampling rate for 3.75kHz subcarrier spacing option is 1/8th of that for 15kHz subcarrier spacing, which means much lower demodulation complexity for 3.75kHz subcarrier spacing option.
Additionally as discussed in subsection 2.1, in order to avoid the bandwidth loss due to DC interference for the 15kHz subcarrier spacing, the receiver employing heterodyne architecture (non-zero IF) and/or DC interference suppression are required, often introducing substantial extra implementation complexity. However the 3.75kHz subcarrier spacing option does not have this trouble due to the inherent design of unused DC subcarrier.
Observation 5: Lower device complexity is expected for 3.75kHz subcarrier spacing than 15kHz subcarrier spacing due to the difference in minimum sampling rate.
2.4 Other
One drawback of smaller subcarrier spacing is the increased sensitivity of the OFDM transmission to Doppler spread and different kinds of frequency inaccuracies. The Doppler spread is however very limited in the NB-IoT system where the UEs are stationary or at very low speed (e.g. 30km/h) in most of time (that is also the reason why there is no requirement for high velocity at the SI stage [2]).  The residual frequency errors achieved by the synchronization designs for the 3.75kHz subcarrier spacing option (e.g. the PSS/SSS design proposed in our companion contribution [7] and the PSCH design captured in sub-clause 7.3.2.3.3 in [2]) are lower than 50Hz and the frequency drift is expected to be in the order of tens Hz per second (0.025 ppm/s is assumed by the SI). Therefore, the negative impact of frequency misalignment to the OFDM system based on 3.75kHz subcarrier spacing is negligible.  
3 Conclusions
In this contribution, the comparisons of two different subcarrier spacing options (i.e. 3.75kHz and 15kHz) are provided and the following observations are drawn:
Observation 1: 3.75kHz subcarrier spacing has higher spectrum efficiency than 15kHz subcarrier spacing assuming the same CP length.
Observation 2: The CP of sufficient length (expected to be longer than LTE normal CP) is required by the NB-IoT system to counter the residual timing error and extra ISI caused by transmit filtering/windowing. 
Observation 3: 3.75kHz subcarrier spacing means much lower DC overhead compared to 15kHz subcarrier spacing in case one unused DC subcarrier is specified.
Observation 4: It is easier for 3.75kHz subcarrier spacing than 15kHz subcarrier spacing to support flexible frequency reuse which is beneficial for the NB-IoT system. 
Observation 5: Lower device complexity is expected for 3.75kHz subcarrier spacing than 15kHz subcarrier spacing due to the difference in minimum sampling rate.
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