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[bookmark: OLE_LINK39][bookmark: OLE_LINK38][bookmark: OLE_LINK37]Introduction
For NB-IoT or mMTC device, power consumption and device cost is quite important. Therefore, PAPR/Cubic metric is very important metric to evaluate both waveform and multiple access scheme, especially for uplink. NB-IoT system uses single tone SC-FDMA with phase rotation modulation schemes to reduce PAPR down to ~1dB with shaping filter/windowing [1].  For new radio, the PAPR/cubic metric shall be evaluated and benchmarked with NB-IoT system. 
New multiple access schemes are discussed in New Radio study item. Several non-orthogonal multiple access schemes are proposed, for instance, 
· Examples non-orthogonal schemes include (but not limited to):
· For UL, Multi-user shared access (MUSA) (e.g., R1-162226)
· [bookmark: OLE_LINK9]Resource spread multiple access (RSMA) (e.g., R1-163510)
· Sparse code multiple access (SCMA) (e.g., R1-162153)
· Pattern defined multiple access (PDMA) (e.g., R1-163383)
· Non-orthogonal coded multiple access (NCMA) (e.g., R1-165019)
· Low code rate spreading (e.g., R1-162517)
· Frequency domain spreading (e.g., R1-162385)
· Non-orthogonal multiple access (NOMA) (e.g., R1-163111)
· Repetition division multiple access (RDMA) (e.g., R1-167535)
· [bookmark: OLE_LINK36]Group orthogonal coded access (GOCA) SDMA (e.g., R1-167535)
In this contribution, we provide analysis and evaluation on PAPR and cubic metric of different uplink multiple access schemes.  
PAPR and Cubic metric evaluation
NB-IoT
The multiple access for NB-IoT system is single tone and SC-FDMA with multi-tones. Phase rotation modulation is introduced for single tone to further reduce PAPR and cubic metric for extended and extreme coverage. 3/6/12 tones are supported for multi-tones case serve UE in normal coverage. For UE in extended and extreme coverage, UE may use maximal transmission power, where a smaller PAPR/CM is very important to avoid power back off. Shown as Table 1, the CM is less than 1.2dB for all the case. PAPR for single tones (both 3.75kHz and 15kHz) are lower than 1dB for single tone with filter/windowing [1] and less than 2dB with up-sampling and without shaping filter optimization. The PAPR for multi-tones are 3.8dB ~7.45dB without filter/windowing. 
Observation # 1: PAPR and CM of single tone can be as low as 1dB and 0.01dB for NB-IoT system. For multi-tones, CM is less than 1.2dB and PAPR is about 3.80dB to 7.45dB.


[bookmark: _Ref458527981][bookmark: _Ref458527975]Table 1 PAPR and CM for NB-IoT
	
	Single tone
pi/2 BPSK
	Single tone
pi/4 QPSK
	3 tones
SC-FDMA
	6 tones
SC-FDMA
	12 tones
SC-FDMA

	Cubic Metric
	<0.01dB with filter/windowing
	<0.01dB with filter/windowing
	0.93dB
	1.14dB
	1.20dB

	PAPR @ 99.99%
	<2dB with up-sampling
[bookmark: OLE_LINK1]<1dB with filter/windowing
	<2.1dB with up-sampling
<1dB with filter/windowing
	3.80dB
	5.80dB
	7.45dB



Multiple access schemes impact on frequency domain randomization
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Some of the multiple access schemes process at frequency domain and break frequency domain randomization, for example, schemes with frequency domain repetition (e.g., SCMA[2], PDSM[4]), or frequency domain spreading (e.g., MUSA). 
SCMA[2][3]
In [2] and [3], sparse code multiple access (SCMA) was proposed as a novel multiple access (MA) scheme for NR. In the evaluation, the sparsity pattern (shown as below) and 8-point and 16-point modulation given in [3] is used in evaluation of PAPR and CM. Sparisty pattern used in PAPR/CM evaluation:

OFDMA with LTE numerology is used as basic waveform. Table 2 summarized PAPR and CM of SCMA with different modulation schemes and different occupied BW compared with OFDMA. From the results, SCMA with 16-point modulation can provide a better PAPR and CM as OFDMA with the same BW. This may be because with 16-point modulation, (0,0) is used as one of the constellation point. However, SCMA with 8-point modulation has a higher PAPR and CM than OFDMA. This may be because, repetition in frequency domain happens sometimes, which provide a higher PAPR. 
Compared with NB-IoT with SC-FDMA waveform, SCMA has more than 4dB higher PAPR and 2.5dB higher CM. 
[bookmark: OLE_LINK43]Observation # 2: OFDMA based SCMA has similar PAPR with 16-point modulation and 8-point modulation with 4 PRBs. However, SCMA has~1dB higher PAPR and CM with 8-point modulation than OFDMA. 
Observation # 3: SCMA has 2.5~3.58dB higher CM and 4dB~5dB higher PAPR than NB-IoT 12 tones case. 
[bookmark: _Ref458445079]Table 2 PAPR and CM for SCMA
	
	OFDMA
4PRB
	OFDMA
12PRB
	SCMA  8points
4PRB
	SCMA 16 points
4PRB
	SCMA 8 points
12PRB
	SCMA 16point
12PRB

	Cubic metric
	3.90dB
	3.97dB
	4.62dB
	3.79dB
	4.78dB
	3.93dB

	PAPR@ 99.99%
	11.78dB
	11.92dB
	11.76dB
	11.2dB
	12.74dB
	11.8dB



[bookmark: OLE_LINK40]PDMA [4][5]
[bookmark: OLE_LINK10]In [4] and [5], PDMA is proposed as one of the candidate MA schemes for NR. A code is used to define sparse mapping from data to a group of resources. The code matrix shown in Figure 1 in [4] is chosen for PAPR and CM evaluation, which can serve up to 6 UEs over 4 subcarriers. Because the code is represented by a binary vector. Frequency domain repetition results in a high PAPR in time domain. Therefore, the PAPR and cubic metric of 4 out of 6 code book for PDMA are much higher than OFDMA with same occupied BW, i.e., 1.8~4.8dB higher for PAPR and 2.44 ~ 6dB higher for CM.  Such high CM and PAPR is not acceptable.  In addition, the PAPR is different to with different code books. In this case, this scheme is not suitable for contention based uplink multiple access which relies on UE to choose a code book.  

                                                                           (Equation 1)
Observation # 4:  PAPR and CM is up to 5~6 dB different between different code books with the code matric as Equation 1 given in [4]. 
Observation # 5:  PDMA has up to 6 dB higher CM and up to 4.8dB higher PAPR than OFDMA with same occupied BW.
[bookmark: OLE_LINK8]Proposal # 1:  PDMA is not recommended as multiple access scheme for NR considering the high PAPR and CM. 
[bookmark: OLE_LINK11] Table 3 PAPR and CM for PDMA with 12 PRB
	[bookmark: _Hlk458685845]　
	OFDMA
12PRB
	Code book (1,1,1,1)
	Code book (1,1,1,0)
	Code book (1,0,1,0)
Code book (0,1,0,1)
	Code book (0,0,1,0)
Code book (0,0,0,1)

	 Cubic  metric
	3.97dB
	9.97dB
	8.46dB
	6.41dB
	3.88dB

	 99.99%  PAPR
	11.92dB
	16.76dB
	15.57dB
	13.88dB
	11.55dB



Frequency domain spreading
Some proposed schemes based on spreading may implemented in frequency domain with better robust for Doppler, for example, MUSA [6], NOCA. Frequency domain spreading may lead to high PAPR/CM. Table 4 gives the PAPR and CM of schemes with frequency domain spreading with the spreading code provided in [6]. The PAPR is 3.43 ~ 4.52dB higher than OFDMA with same occupied BW and CM is nearly 3dB higher than OFDMA. The PAPR/CM performance of other spreading code is expected to be the similar. Considering the PA efficiency and complexity, the penalty is too much for NR. Therefore, frequency domain spreading is not recommended as for multiple access scheme for NR.
Observation # 6:  Frequency domain spreading have higher PAPR/CM.
Proposal # 2:  Frequency domain spreading is not recommended as multiple access scheme for NR considering the high PAPR and CM.
[bookmark: _Ref458685739]Table 4 PAPR and CM for spreading in frequency domain spreading
	　
	 4PRB
	 6PRB
	 12PRB

	 Cubic  metric
	6.75dB
	6.84dB
	7.01dB

	 99.99%  PAPR
	15.21dB
	16.01dB
	16.44dB



Multiple schemes with frequency domain randomization
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Among the new multiple access schemes, some of the schemes do not destroy the randomness of OFDMA in frequency domain. For example, time domain spreading, IDMA, RDMA, GOCA [7], RSMA [8], and NOMA [9]. Table 5 summarized the PAPR and CM of OFDMA, RDMA [7] and GOCA[7], PAPR/CM of which is similar as OFDMA with the same occupied BW. Similar PAPR/CM performance is expected with other time domain processing scheme, e.g., time domain spreading and IDMA. 
Observation # 7: Similar PAPR/CM performance is expected as OFDMA with the same occupied BW with the multiple access schemes without change of frequency domain randomization. 
[bookmark: _Ref458528504]Table 5 PAPR and CM for OFDMA, RDMA, GOCA and RSMA
	
	OFDMA
	RDMA
	GOCA
	RSMA

	
	4 PRB
	12 PRB
	4PRB
	6PRB
	12PRB
	4PRB
	6PRB
	12PRB
	4PRB
	6PRB
	12PRB

	Cubic metric
	3.90dB
	3.97dB
	3.91db
	3.93db
	3.97db
	3.9db
	3.92db
	3.96db
	3.89dB
	3.93dB
	3.97dB

	PAPR@ 99.99%
	11.78dB
	11.92dB
	11.70db
	11.75db
	11.90db
	11.43db
	11.87db
	11.95db
	11.49dB
	11.81dB
	12.01dB


Summary
PAPR/CM of different multiple access schemes are summarized as Figure 1 and Figure 2. Because other multiple access schemes are evaluated based on OFDM, they provide higher PAPR (<4.25dB) and CM (> 2.8dB) than NB-IoT with SC-FDMA. However, high PAPR and CM will have significant impact on PA efficiency, which will result in a high power consumption. UE power consumption is one of the design challenges for mMTC in NR. In addition, it will increase the cost/complexity on both UE and eNB side. Therefore, the PAPR and CM of both new multiple access schemes and new waveform shall be carefully studied and benchmarked with NB-IoT for mMTC. That is, for coverage extension mode, PAPR is less than 1dB.  For normal coverage, the power back-off due to high PAPR needs to be taken into account within both link level and system level evaluation. Therefore, further study on new multiple access schemes combined with waveform with lower PAPR (e.g., SC-FDMA) is needed. 
Proposal # 3:  PAPR/CM of new multiple access schemes shall be benchmarked with NB-IoT. For extended coverage, the PAPR shall be less than 1dB. For normal coverage, link level and system level simulation need to add power back-off caused by PAPR.
Proposal # 4: Further evaluate on new multiple access schemes with waveform with low PAPR (e..g, SC-FDMA) including BLER/throughput performance and receiver complexity. 
Not recommended

[bookmark: _Ref458688216]Figure 1 Cubic Metric of different multiple access schemes
[bookmark: _GoBack]Not recommended

[bookmark: _Ref458688219]Figure 2 PAPR of different multiple access schemes
Conclusion
In this paper, we provided evaluations and analysis on PAPR/CM for new multiple access schemes with NB-IoT system. Based on the observations, we proposed that:
Proposal # 1:  PDMA is not recommended as multiple access scheme for NR considering the high PAPR and CM. 
Proposal # 2:  Frequency domain spreading is not recommended as multiple access scheme for NR considering the high PAPR and CM.
Proposal # 3:  PAPR/CM of new multiple access schemes shall be benchmarked with NB-IoT. For extended coverage, the PAPR shall be less than 1dB. For normal coverage, link level and system level simulation need to add power back-off caused by PAPR.
Proposal # 4: Further evaluate on new multiple access schemes with waveform with low PAPR (e..g, SC-FDMA) including BLER/throughput performance and receiver complexity. 
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Appendix
CCDF of PAPR for different multiple access schemes
[image: ]        [image: ]
[bookmark: _Ref458445091]Figure 3 PAPR for NB-IoT                                          Figure 4 PAPR for SCMA
[image: ]         [image: ]
Figure 5 PAPR for PDMA with different repetitions with 12 PRBs                  Figure 6 PAPR for RDMA with different BW
[image: ]        [image: ]
[bookmark: OLE_LINK13]Figure 7 PAPR with frequency domain spreading                Figure 8 PAPR of RSMA with different BW
[image: ]
Figure 8 PAPR of GOCA with different BW
Cubic metric definition 
The cubic metric CM is defined as [9]
[image: ]
where 
[image: ]
is the raw cubic metric of a signal, and where 
[image: ]
is the raw cubic metric of the WCDMA voice reference signal. 
Also  [image: ], where N is the number of samples in the signal x, and [image: ].

The denominator K is 1.56.
Cubic Metric

NB-IOT 
3 tone	NB-IOT 
6 tone	NB-IOT 
12 tone	OFDM	RDMA	GOCA	RSMA	SCMA 16
points 	SCMA 8
points 	Freq. Spead 	PDMA
(1,1,1,1)	PDMA
(1,1,1,0)	PDMA
(1,0,1,0)	PDMA
(0,0,1,0)	0.93410000000000004	1.1445000000000001	1.2014	3.97	3.97	3.96	3.97	3.9253999999999998	4.7827000000000002	7.01	9.9700000000000006	8.4600000000000009	6.41	3.88	
CM (dB)



PAPR @ 99.99%

NB-IOT 
3 tone	NB-IOT 
6 tone	NB-IOT 
12 tone	OFDM	RDMA	GOCA	RSMA	SCMA 16
points 	SCMA 8
points 	Freq. Spead 	PDMA
(1,1,1,1)	PDMA
(1,1,1,0)	PDMA
(1,0,1,0)	PDMA
(0,0,1,0)	3.8	5.8	7.45	11.92	11.9	11.95	12.01	11.8	12.74	16.440000000000001	16.760000000000002	15.57	13.88	11.55	
PAPR (dB)
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