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1 Introduction

At RAN1#83, it was agreed that the following would be supported for NB-IoT uplink [1]:

· Proposal for NB-IoT UL

· Multi-tone transmissions are supported

· Multi-tone transmissions are based on SC-FDMA

· 15 kHz UL subcarrier spacing

· Additional mechanisms for PAPR reduction FFS

Later on, in the RAN1#AH-NB-IoT meeting [2], the following agreements were reached regarding NB-PUSCH multi-tone transmission:

· UL multi-tone transmission for the data with 12 tones is supported

· UL multi-tone transmission for the data also supports followings of numbers of multiple 

· {3} with 4 msec resource unit size

· {6} with 2 msec resource unit size

· When multi-tone is allocated, QPSK is supported

· FFS: TPSK, 8-BPSK

In this contribution, schemes that reduce PAPR for NB-PUSCH multi-tone transmission using QPSK are discussed. We propose to use SC-FDMA with bandwidth-optimized PAPR Reduction Filter (dubbed “BW-optimized PRF”) for multi-tone transmission, in case of allocation of fewer than 12 tones. The BW-optimized PRF scheme offers a reduced peak-to-average power ratio (PAPR) compared to SC-FDMA, with only minimal penalty in BLER (which is substantially lower than the corresponding PAPR gain) and potentially without any sacrifice in overall excess uplink bandwidth.
2 BW-Optimized PRF
In SC-FDMA with PAPR Reduction Filter, one is trading PAPR reduction with excess BW. The key idea is that by applying excess BW (e.g., transmitting M QAM symbols using Q>M subcarriers) we can improve the PAPR performance. PRF can lead to a significant PAPR reduction of, for instance, around 3 dB PAPR for QPSK. However, this gain comes at the expense of some excess BW (for example 33% more BW for M=24 in a Q=32 setup ‎[3]). 

Circumvention of this problem can be achieved by allowing some overlap between the UL transmissions, maintaining the low PAPR of each UL transmission, but the total (L UEs) UL BW is reduced, leaving some excess BW only on the band edges (Figure 1).

 

Figure 1: UE frequency allocation: Left – PRF with no overlap; Right – overlapped PRF
BW-optimized PRF introduces (possibly asymmetric) filters for the UL transmissions on the frequency edges, hence totally eliminating the required overall excess BW of overlapped PRF (Figure 2). 

Figure 2: UE frequency allocation: Left – overlapped PRF; Right – BW-optimized PRF
Asymmetric filters (e.g. using excess BW only on one side) still allow PAPR reduction compared to SC-FDMA, as illustrated in Section ‎4.1. BW-optimized PRF also paves the way for a flexible frequency scheduling strategy, that includes a mixture of BW-optimized PRF transmissions and ordinary SC-FDMA (without PRF), as demonstrated in Figure 3.

Figure 3: Flexible allocation example

3 Simulation Assumptions and Parameters
The simulation assumptions used in the UL simulation are listed in Table 1.
Table 1: Assumptions for Link Level Simulations
	Parameter
	Assumption

	Antenna configuration
	1 Tx × 2 Rx

	Coding scheme
	Turbo Code

	Code rate
	0.35

	Modulation
	QPSK

	# repetition
	1

	Total # subcarriers
	12

	FFT size
	128

	Channel model
	ETU (no correlation)

	Doppler shift
	1Hz

	Channel Estimation
	Ideal


3.1 Two UEs with 6 tones each
In this example, each UE has 6 QPSK symbols to transmit, and uses an 8-tap filter to reduce PAPR. The filters used by the two UEs (specified in Table 2) and their overlap is illustrated in Fig. 4. 
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Figure 4: Filter coefficient for BW-optimized PRF (M=6, Q=8)
Table 2: Filter coefficients for M=6, Q=8
	Tap amplitudes
	0.4130
	0.9107
	1.0
	1.0
	1.0
	1.0
	0.9107
	0.4130


3.2 Four UEs with 3 tones each
Each UE has 3 QAM symbols to transmit, and uses 4-tap filter to reduce PAPR. The filters used by the four UEs and overlapping among UEs in BW-optimized PRF are illustrated in Fig. 5 and explicitly written in Table 3. 
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Figure 5: Filter coefficient for BW-optimized PRF (M=3, Q=4)
Table 3: Filter coefficients for M=3, Q=4
	Tap amplitudes (UE0 & UE2)
	0.8773
	1.0
	1.0
	0.4800

	Tap amplitudes (UE1 & UE3)
	0.4800
	1.0
	1.0
	0.8773


4 Performance Analysis

4.1 PAPR

4.1.1 Six-tone allocation
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Figure 6: PAPR CCDF for M=6
Figure 6 shows the complementary CDF (CCDF) curves of the PAPR of SC-FDM with and without PRF. 
Observation 1: PRF can achieve 3.1dB improvement in PAPR compared to 5.8dB PAPR in SC-FDM with M=6 tones.
4.1.2 Three-tone allocation
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Figure 7: PAPR CCDF for M=3
Figure 7 shows the CCDF curves of the PAPR of SC-FDM with and without PRF. 
Observation 2: PRF can achieve 1.3dB improvement in PAPR compared to 3.7dB PAPR in SC-FDM with M=3 tones.
4.2 BLER

4.2.1 Two UEs with 6 tones each (M=6, Q=8)
In this section, the BLER performance of BW-optimized PRF in the scenario of two UEs sharing a single PRB (as shown in Figure 4) is evaluated and compared to that of a single UE (with no interference). 

In Figure 8, the BLER of one of the two UEs (UE0) is presented (in this simulation, we consider the case in which UE0 and UE1 are received with the same power, i.e. SIR=0dB). The results show that SNR @ 10% BLER for BW-optimized PRF is only 0.6dB away from the baseline 6-tone SC-FDMA when using an MMSE receiver, and the loss decreases to 0.3dB when using a low-complexity enhanced receiver (with complexity similar to that of 
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Figure 8: BLER of UE0 in BW-optimized PRF (M=6, Q=8)
Observation 3: For BW-optimized PRF, SNR @ 10% BLER is only 0.6/0.3dB degraded from SC-FDMA. 
4.2.2 Four UEs with 3 tones each (M=3, Q=4)
In this section, the BLER performance of BW-optimized PRF in the scenario of four UEs sharing a single PRB (as shown in Figure 5) is evaluated and compared to that of a single UE (with no interference). 

In Figure 9, the BLER of one of the four UEs (UE1) is presented. The results show that SNR @ 10% BLER for BW-optimized PRF is only 0.3dB away from the baseline 3-tone SC-FDMA when using an MMSE receiver, and the loss almost disappears when using a low-complexity enhanced receiver (with complexity similar to that of 
[image: image7.wmf]2

2

´

 MIMO receiver with QPSK).
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Figure 9: BLER of UE1 with BW-optimized PRF (M=3, Q=4)
Observation 4: For BW-optimized PRF, SNR @ 10% BLER is only 0.3/<0.05dB degraded from SC-FDMA. 
5 DMRS Design and Configuration
5.1 DMRS Design

A key point in the implementation of the BW-optimized PRF scheme is the proper design of uplink DMRS. In order to enable good demodulation performance, the DMRS design should support channel estimation at the receiver over the whole allocation bandwidth of each UE, including the excess BW in case PRF is deployed. In case two UEs with adjacent allocations use overlapping subcarriers for their data transmission, the RE mappings of their DMRSs must also cover the frequency-overlapping regions somehow, preferably maintaining orthogonality between them. This can be achieved in several ways, and here we present a simple option of a ‘zig-zag’ design in time and frequency. 
Figure 10 depicts the RE mapping within one subframe for the example of two UEs with 6-tone allocation and 2-tone excess BW each (cf. section ‎3.1). In the first slot each UE’s DMRS exceeds or withdraws upwards in frequency, whereas in the second slot each UE’s DMRS withdraws or exceeds downwards. Low-PAPR DMRS sequences of different length (shrunk or stretched) must be defined for each slot, in the spirit of the legacy uplink DMRS design. The DMRS do not pass through the PRF. 
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Figure 10: Illustration of the DMRS ‘zig-zag’ design (M=6)
5.2 BW-optimized PRF Configuration
In order to take full advantage of the BW-optimized PRF, some additional signalling may be required. Each UE with BW-optimized PRF allocation needs to know which PRF and which DMRS configuration to use (possibly depending on the configuration of its frequency-neighbouring UEs). Thus, for instance within the ‘zig-zag’ DMRS design of section ‎5.1, the UE configuration consists of the following items – in addition to the basic allocated M subcarrier indices: 

(1)  The filter to be used (including the excess BW parameter Q) 

(2a)  DMRS withdrawal size from the upper edge of the allocation region
(2b)  DMRS withdrawal size from the lower edge of the allocation region 
So for example, assuming the filters are pre-defined for every M and excess BW type, one needs 2 bits for defining the PRF (item (1) above), as in Table 4.
Table 4
	 Bits
	Filter configuration

	00
	 None (SC-FDMA)

	01
	 Exceeds Up only 

	10 
	 Exceeds Down only

	11
	 Exceeds both sides (symmetric)


Presumably, the UE is aware of the location of its M allocated subcarriers within the PRB belonging to the NB-IoT bandwidth, at least in in-band operation. Thus one bit may be saved by specifying the PRF type as in Table 4a.

 Table 4a

	Bit
	Filter configuration

	0
	 None (SC-FDMA)

	1
	 Exceeds both sides, but not beyond PRB edge(s) 


Assuming the DMRS withdrawal sizes are variable, one can use, for example, Table 5 for configuring each one of the items (2a) and (2b) above. 

Table 5
	 Bits
	DMRS withdrawal configuration  

	00
	 No withdrawal

	01
	 Withdraw 1 subcarrier

	10 
	 Withdraw 2 subcarriers

	11
	 Withdraw 3 subcarriers


The configuration can be signaled semi-statically via higher layers or via the DCI in case dynamic scheduling optimization proves to be beneficial.  

6 Conclusions

In this document we introduced a SC-FDMA with BW-optimized PRF transmission scheme for NB-IoT in multi-tone PUSCH mode (with QPSK modulation), with a respective DMRS design. This scheme allows taking significant advantage of the PAPR reduction filtering, without sacrificing spectral efficiency due to excess BW.
The performance gains are summarized in the following tables. 

Table 6: Summary of simulation results for M=6
	SC-FDMA (Baseline)
	SC-FDMA with BW-optimized PRF

	
	MMSE
	Enhanced Rx
	
	MMSE
	Enh-Rx

	SNR [dB]
@BLER=10%
	PAPR@10-4
[dB]
	SNR [dB]
@BLER=10%


	SNR Loss
[dB]


	SNR [dB]
@BLER=10%
	SNR Loss
[dB]


	PAPR@10-4
[dB]

	PAPR Gain
[dB]
	Total Gain [dB]

	2.1
	5.8
	2.7
	-0.6
	2.4
	-0.3
	2.7
	3.1
	2.5
	2.8


These results for M=6 in Table 6 above (and for M=3 in Table 7 below) are obtained in an equal-user power regime (i.e., SIR=0dB), and gains are maintained also at negative SIR. The results for M=6 and SIR= –10dB are summarized in Table 6a, exemplifying the robustness of the proposed BW-optimized PRF scheme.

Table 6a: Summary of simulation results for M=6, SIR= –10dB
	SC-FDMA (Baseline)
	SC-FDMA with BW-optimized PRF

	
	MMSE
	Enhanced Rx
	
	MMSE
	Enh-Rx

	SNR [dB]
@BLER=10%
	PAPR@10-4
[dB]
	SNR [dB]
@BLER=10%


	SNR Loss
[dB]


	SNR [dB]
@BLER=10%
	SNR Loss
[dB]


	PAPR@10-4
[dB]

	PAPR Gain
[dB]
	Total Gain [dB]

	2.1
	5.8
	3.2
	-1.1
	2.4
	-0.3
	2.7
	3.1
	2.0
	2.8


Table 7: Summary of simulation results for M=3

	SC-FDMA (Baseline)
	SC-FDMA with BW-optimized PRF

	
	MMSE
	Enhanced Rx
	
	MMSE
	Enh-Rx

	SNR [dB]
@BLER=10%
	PAPR@10-4
[dB]
	SNR [dB]
@BLER=10%


	SNR Loss
[dB]


	SNR [dB]
@BLER=10%
	SNR Loss
[dB]


	PAPR@10-4
[dB]

	PAPR Gain
[dB]
	Total Gain [dB]

	2.1
	3.7
	2.4
	-0.3
	2.1
	-0.05
	2.4
	1.3
	1.0
	1.25


Observation 1: PRF can achieve 3.1dB improvement in PAPR compared to 5.8dB PAPR in SC-FDM with M=6 tones and QPSK modulation.
Observation 2: PRF can achieve 1.3dB improvement in PAPR compared to 3.7dB PAPR in SC-FDM with M=3 tones and QPSK modulation.
Observation 3: For BW-optimized PRF in M=6 scenario (SIR=0dB), SNR @ 10% BLER is only 0.6/0.3dB degraded from SC-FDMA. 
Observation 4: For BW-optimized PRF in M=3 scenario (SIR=0dB), SNR @ 10% BLER is only 0.3/<0.05dB degraded from SC-FDMA.
Observation 5: For BW-optimized PRF in M=6 scenario, there is an overall gain of 2.5/2.8dB when applying MMSE/enhanced-receiver over SC-FDMA transmission.
Observation 6: For BW-optimized PRF in M=3 scenario, there is an overall gain of 1.0/1.25dB when applying MMSE/enhanced-receiver over SC-FDMA transmission.

Proposal:  Adopt BW-Optimized PRF for NB-PUSCH for multi-tone transmission.   
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