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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN#70, the NB-IoT WID [1] was revised based on the agreed WF from RAN1#83 (see [2]) to state:
· For the uplink: 
· Single tone transmissions are supported. Two numerologies should be configurable by the network for single-tone transmission: 3.75 kHz and 15 kHz. A cyclic prefix is inserted. Frequency domain sinc pulse-shaping in the physical layer description.
· Multi-tone transmissions are supported, based on SC-FDMA with 15 kHz UL subcarrier spacing.
· FFS: Additional mechanisms for PAPR reduction.
· The UE shall indicate the support single-tone and/or multi-tone, details to be discussed by RAN WGs
[bookmark: _Ref129681832]PAPR reduction for NB-IoT uplink has been discussed in e.g. [2], [3] and [4]. Some promising results have been observed for single tone transmissions. However, the PAPR reduction schemes for multi-tone transmissions proposed so far have all come with obvious drawbacks. This document provides some evaluations on the multi-tone PAPR reduction proposal in [3]. Note that whether or not such schemes are needed within the Rel-13 timeframe still needs to be considered.
Analysis of multi-tone PAPR reduction schemes
[bookmark: _Ref439942574]BW efficiency
For SC-FDMA with PAPR Reduction Filter (PRF, [2~4]), one is trading PAPR reduction with excess BW. The key idea is to transmit M QAM symbols using Q>M subcarriers. PRF has been shown in [3] to significantly reduce the PAPR to, for instance, around 3 dB for QPSK, at the expense of 33% higher excess BW (i.e. with M=24 and Q=32). Specifically, the following post-DFT precoding matrix is used: 

,

where 
In [3] the above scheme was evaluated assuming 2.5 kHz subcarrier spacing. However, it was agreed in [1] that for multi-tone transmissions, 15 kHz subcarrier spacing is used. Hence it is interesting to understand how the scheme performs with the new subcarrier spacing. Two cases are considered here: a) 3 QAM symbols with a 5-tap filter; b) 4 QAM symbols with a 6-tap filter. The filter coefficients are shown in Table 1. 
[bookmark: _Ref439949984]Table 1 Filter coefficients of PRF
	M
	Q
	Filter coefficients

	3
	5
	1
	2
	3
	4
	5
	-

	
	
	0.1750
	0.9846
	1
	0.9846
	0.1750
	-

	4
	6
	1
	2
	3
	4
	5
	6

	
	
	0.3250
	0.9457
	1
	1
	0.9457
	0.3250



Figure 1 shows the CCDF curves of SC-FDMA and SC-FDMA with PRF, with the simulation assumptions in Annex A. The results confirm that PRF can effectively reduce PAPR also with 15 kHz subcarrier spacing, e.g. 2.6 dB PAPR advantage is achieved compared to SC-FDMA with M=4, Q=6. Again, the disadvantage is that a lot of excess BW (50%) is needed in PRF, significantly reducing the spectral efficiency of SC-FDMA. 
[image: ]
[bookmark: _Ref439949955]Figure 1. PAPR CCDF of SC-FDMA and SC-FDMA with PRF
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]
Proposal 1: PAPR reduction for multi-tone transmission should not significantly reduce the bandwidth efficiency. 
Modulation Scheme
Phase rotation was proposed in [5] to facilitate PAPR reduction, e.g. pi/2 for BPSK and pi/4 for QPSK. However, phase rotation, if not combined with other mechanisms, will increase the PAPR in the case of small number of allocated subcarriers (e.g. < 8 subcarriers). As shown in Figure 2, the PAPR increase can be up to 0.8 dB for QPSK with M=4. 
[image: ]
[bookmark: _Ref439950214]Figure 2. PAPR CCDF of SC-FDMA and SC-FDMA with pi/4 QPSK
Observation 1: For small numbers of allocated subcarriers, such as less than 8 subcarriers, phase rotation for QPSK would increase PAPR.
SC-FDMA can be considered as a special PRF with all “1” coefficients, in which case the PAPR cannot be reduced by pi/4 QPSK. However, the PAPR can be significantly reduced if the SRRC PRF is applied as presented in Table 2.  
Three modulation schemes, QPSK, pi/4 QPSK and Offset-QAM (OQAM, [6]), are evaluated. As shown in Figure 3, PRF with pi/4 QPSK and OQAM can get 0.2 dB and 1.2 dB advantages respectively, compared to PRF without phase rotation. One can further optimize the PRF coefficients to get a lower PAPR. For instance, Table 2 gives an optimized filter whose PAPR is only 1.3 dB as shown in Figure 3.
[bookmark: _Ref439942923]Table 2 Filter coefficients of PRF
	M
	Q
	Filter
	Filter coefficients

	4
	7
	Tap No.
	1
	2
	3
	4
	5
	6
	7

	
	
	SRRC
α= 0.8
	0.2700
	0.7200
	0.9456
	1.0143
	0.9456
	0.7200
	0.2700

	
	
	Opt. Filter
	0.4189
	0.6200
	0.8175
	1.2424
	0.8175
	0.6200
	0.4189


[image: ]
[bookmark: _Ref439943332]Figure 3. PAPR CCDF of PRF with different modulation schemes
Observation 2: The actual PAPR performance of PRF is dependent on the chosen modulation scheme.
Observation 3: For small numbers of allocated subcarriers, a specific PAPR Reduction Filter would be needed for each modulation scheme.
Conclusions
In this document, we discuss several PAPR reduction schemes for multi-tone PUSCH transmissions. Whether or not such schemes are needed within the Rel-13 timeframe still needs to be considered. The following observations and proposals are presented. 

Proposal 1: PAPR reduction for multi-tone transmission should not significantly reduce the bandwidth efficiency. 
Observation 1: For small numbers of allocated subcarriers, such as less than 8 subcarriers, phase rotation for QPSK would increase PAPR.
Observation 2: The actual PAPR performance of PRF is dependent on the chosen modulation scheme.
Observation 3: For small numbers of allocated subcarriers, a specific PAPR Reduction Filter would be needed for each modulation scheme.
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Annex A [bookmark: _Ref439940835]Simulation Assumptions
The simulation assumptions used in the simulation are listed in Table 3.
[bookmark: _Ref439950010]Table 3 Assumptions for Link Level Simulations
	Parameter
	Value

	Carrier Frequency
	900 MHz

	Antenna configuration
	1 Tx × 2 Rx

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

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

	Frequency drift rate (F_drift_active)
	22.5 Hz/second

	Coding scheme
	Turbo Code

	Code rate
	0.35 for M=4, 0.47 for M=3

	modulation
	QPSK

	# repetition
	1

	# subcarriers
	12

	IFFT size
	128

	Channel model
	TU

	Doppler shift
	1Hz


Note: the code rate is chosen such that the same data rate is achieved for different M’s.
[bookmark: Ref1][bookmark: Ref2][bookmark: Ref3][bookmark: Ref4]
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