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1 Introduction
In RAN#69 meeting, a new work item ‘Narrow Band Internet of Things, NB-IOT’ is approved [1]. Two candidate waveforms, FDMA with GMSK modulation and SC-FDMA are considered:
· For the uplink, two options will be 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) 

· Technical analysis will either perform a down-selection or decide on inclusion of both 

In this contribution, we will discuss the considerations on NB-IOT uplink design.
2 FDMA vs SC-FDMA 
Two options, FDMA and SC-FDMA, are considered for NB-IoT system. For FDMA with GMSK, as described in 3GPP TR 45.820 section 7.3[2], GMSK is a constant envelope modulation and 0dB PAPR can be achieved, which provide a higher PA efficiency. Higher PA efficiency can provide a longer battery life, which is very important to IoT device. However, the disadvantage of FDMA is the higher overhead and the lower spectral efficiency compared with SC-FDMA. Compared with GMSK, SC-FDMA have higher PAPR yet with similar cubic metric [3][4]. A common consensus is the efficiency of PA mainly depends on cubic metric and PAPR of waveform. In the case of single tone SC-FDMA waveform, the PAPR could easily be lowered to about 0.2dB using e.g., BPSK, windowing [4] and centre frequency tuning [3]. However, with more than two subcarriers, the PAPR reduction process may not as easy as in the single tone case, for example, precoding [6][7]. Table 1 summarizes comparison between FDMA and SC-FDMA. In next section, a single tone SC-FDMA is introduced to reduce PAPR of SC-FDMA.  
Observation #1: FDMA with GMSK has lower PAPR but lower spectral efficiency than SC-FDMA. SC-FDMA provides a better spectral efficiency but higher PAPR with multiple tones vs FDMA with GMSK.  
Table 1 comparison between FDMA and SC-FDMA
	
	FDMA with GMSK
	SC-FDMA

	Pros
	Constant envelope and lower PAPR (High PA efficiency so that a longer battery life 
	Lower overhead (6.7% due to CP), high spectral efficiency, peak data rate and capacity

	Cons
	Lower spectral efficiency, larger overhead (25% due to guard-band and 4/11 due to pilot)
	High PAPR(<0.5dB 1 or 2 tones[3]-[4], 6-6.6dB >8 tones [4])


3 Single Tone SC-FDMA with Adaptive Subcarrier Spacing
In general consideration on NB-IoT deployment, the single-tone is used to serve UEs in extreme or extended coverage, and multiple tones are for UEs in good channel conditions targeting a higher data rate. However, multiple tones may need some power back-off due to the high PAPR. Instead of serving UEs in good coverage with multiple tones and a small subcarrier spacing, it is also possible to serve these UEs with single tone and a large subcarrier spacing (e.g., 15kHz). For UEs in extended or extreme coverage, a smaller subcarrier spacing is used to take advantage of PSD boosting and improve the performance as well as cell capacity. In addition, more subcarriers, e.g., 2 or 4 subcarriers can be considered for the UEs in cell centre, without max 23dBm Tx power. 
The above solution benefits from single tone to achieve low PAPR, higher spectrum efficiency and low overhead (e.g., CP and reference signal overhead similar as LTE); while providing good support for 164dB MCL and high uplink capacity by smaller subcarrier spacing. Higher data rates can also be achieved by allocating more subcarriers to a UE, e.g., 2 or 4 subcarriers for the UEs in cell centre, outperforming the GMSK-based solution. The uplink capacity is expected similar as 2.5kHz subcarrier spacing and larger than the one with 15kHz subcarrier spacing provided in [8]. 
Observation #2: Both low PAPR and good spectral efficiency can be achieved by supporting UEs in good/poor coverage using larger/smaller subcarrier spacing, respectively.
In addition, while the uplink timing error (e.g., ± 31.25us [8]) in extended or extreme coverage may be large, a smaller subcarrier spacing with longer CP can handle it. In good coverage, the timing error is instead expected to be small (e.g., ± 3.125us [8]) which can be covered by a shorter CP with large subcarrier spacing as described in [8]. 
Observation #3: Potential large timing error in poor coverage can be solved by a longer CP with smaller subcarrier spacing. 
Similar UE complexity is expected to support either adaptive subcarrier spacing outlined above vs. a single subcarrier spacing. Also, UEs just will follow configurations from eNB for the subcarrier spacing as for any other parameter such as resource allocation and MCS. 

Observation #4: Similar UE complexity is expected to support either adaptive subcarrier spacing or single subcarrier spacing with SC-FDMA.
The multiplexing is transparent to UE and it provides full flexibility to eNB scheduling. Namely the eNB has full authority on the subcarrier spacing configuration or scheduling to different UEs. For example, eNB can TDM UEs with different subcarrier spacing to avoid interference. Alternatively, FDM between UEs with different subcarrier spacing is also possible with some guard band based on the evaluation in [9]. If there is no UE in poor coverage, a single subcarrier spacing can be configured. In addition, multiple sub-bands can be configured to serve UEs with different subcarrier spacing. The eNB will identify channel conditions by PRACH detection and configure the corresponding subcarrier spacing to UE based. Latency may be increased but it should be acceptable considering the NB-IoT traffic is delay tolerant. 
Observation #5: It is feasible for the eNB to assess the channel conditions of a UE. The eNB has good flexibility to configure the proper subcarrier spacing. 
4 Evaluation

4.1 Link level performance
Some preliminary simulation results are provided as Figure 1 and Table 2 with parameters listed in Table 3 in appendix. It can be observed that 164dB MCL can be achieved with 2.5kHz subcarrier spacing. For smaller MCL, single tone has some performance loss compared with 2.5kHz subcarrier spacing with multiple subcarriers (i.e., 12 subcarriers in the simulation). This is because only single subcarrier can be used as reference signal for channel estimation, which can be fixed by receiver algorithm or further study on reference signal design. However, compared with high PAPR (> 6dB) with multiple tones (i.e., 12 subcarriers) and potential power back-off, single tone with 15kHz subcarrier spacing provides a decent performance. 
Observation #6: Adaptive subcarrier spacing with single tone provides a decent link level performance considering the high PAPR of multiple tones.
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Figure 1 Data rate in different MCL

Table 2 MCL with different subcarrier spacing and modulation scheme

	MCL
	2.5kHz QPSK
	2.5kHz QPSK
	2.5kHz QPSK
	3.75kHz QPSK
	15kHz QPSK
	15kHz 8PSK
	15kHz 16QAM

	Transmission time (ms)
	2160
	288
	36
	288
	36
	27
	21

	Data rate above SNDCP (kbps)
	0.31
	2.36
	18.89
	2.36
	18.89
	25.19
	32.38

	Transmitter
	
	
	
	
	
	
	

	(1) Tx power (dBm)
	23
	23
	23
	23
	23
	23
	23

	Receiver
	
	
	
	
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	3
	3
	3
	3
	3
	3
	3

	(4) Interference margin (dB)
	0
	0
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	2,500
	30,000
	30,000
	3,750
	15,000
	15,000
	15,000

	(6) Effective noise power= (2) + (3) + (4) + 10 log ((5))  (dBm)
	-137.0
	-126.2
	-126.2
	-135.2
	-129.2
	-129.2
	-129.2

	= (2) + (3) + (4) + 10 log ((5))  (dBm)
	
	
	
	
	
	
	

	(7) Required SINR (dB)
	-4
	-5.8
	4.3
	3.8
	10.1
	12.2
	14.4

	(8) Receiver sensitivity= (6) + (7) (dBm)
	-141
	-132
	-121.9
	-131.4
	-119.1
	-117
	-114.8

	(9) Rx processing gain
	0
	0
	0
	0
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	164
	155
	144.9
	154.4
	142.1
	140
	137.8


4.2 PAPR

The PAPR of single tone with 15kHz subcarrier spacing with BPSK is about 0.168dB, and the PAPR with QPSK, 16QAM are 0.8621dB and 2.76dB respectively. With Tx filter, GSM mask can be met (shown as Figure 2) and EVM is acceptable based on our preliminary analysis. The PAPR of single tones with 15kHz subcarrier spacing is much lower than the PAPR of 12 subcarrier with 2.5kHz, i.e. >6dB[4], which can compensate the possible performance loss for single tone 15kHz subcarrier spacing with a high PA efficiency. 
Observation #7: PAPR with single tone and large subcarrier spacing is much lower than that of multiple tones with smaller subcarrier spacing.
5 Conclusion
In this contribution, we compare FDMA and SC-FDMA based solutions and proposed adaptive subcarrier spacing scheme. Some observations are made: 
Observation #1: FDMA with GMSK has lower PAPR but lower spectral efficiency than SC-FDMA. SC-FDMA provides a better spectral efficiency but higher PAPR with multiple tones vs. FDMA with GMSK.  

Observation #2: Both low PAPR and good spectral efficiency can be achieved by supporting UEs in good/poor coverage using larger/smaller subcarrier spacing, respectively.
Observation #3: Potential large timing error in poor coverage can be solved by a longer CP with smaller subcarrier spacing. 
Observation #4: Similar UE complexity is expected to support either adaptive subcarrier spacing or single subcarrier spacing with SC-FDMA.
Observation #5: It is feasible for the eNB to assess the channel conditions of a UE. The eNB has good flexibility to configure the proper subcarrier spacing. 
Observation #6: Adaptive subcarrier spacing with single tone provides a decent link level performance considering the high PAPR of multiple tones.

Observation #7: PAPR with single tone and large subcarrier spacing is much lower than that of multiple tones with smaller subcarrier spacing.
Base on the observations, we proposed:
Proposal: Consider PAPR reduction technique for SC-FDMA such as maximizing the usage of single subcarrier transmission. 
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7 Appendix

Table 3 Assumptions for link level simulation
	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	ETU

	Maximum Doppler spread
	1 Hz

	Antenna configuration
	MS: 1Tx, BS: 2Rx

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

	Timing error
	0

	NB-IOT specific frequency error  (F_est_error)
	Randomly chosen from [-50, 50] Hz

	Frequency drift rate (F_drift_active)
	22.5 Hz/second

	Subcarrier pacing
	2.5 kHz, 3.75 kHz, 7.5 kHz, 15 kHz

	Coding scheme
	Turbo coding

	Modulation scheme
	QPSK, 8PSK, 16QAM

	DMRS density/pattern
	Same as legacy LTE system 

	TBS
	776 bits

	CRC length
	24 bits

	Cross-subframe channel estimation
	Cross 7 subframe for channel estimation

	Number of channel realizations
	1000
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Figure 2
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