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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#84bis, the evaluation methodology for multiple access evaluation was discussed and the following has been agreed [1]:
· Link-level simulation (LLS) and system-level simulation (SLS) are used for multiple access evaluation. 
· LLS is used for feasibility investigation of new MA proposals, comparison of different proposals in typical scenarios
· SLS is used for comparison of proposals, and verification with traffic/scheduling/multi-cell interference dynamics

Sparse code multiple access (SCMA) has been proposed as a multiple access (MA) scheme for NR [2]. Initial uplink LLS results of SCMA have been presented in [3], which show that SCMA can provide much improved power gain over OFDMA and is robust to high overloading and codebook collision scenarios that are typical especially in massive number of supported connections in the uplink. This contribution provides further uplink LLS results of the different MA schemes, aiming to show performance of non-orthogonal MA schemes over orthogonal MA under various scenarios.

[bookmark: _Ref129681832]Simulation Settings
[bookmark: OLE_LINK183][bookmark: OLE_LINK184]The evaluation parameters for the uplink LLS are listed in Table 1. In the simulation, the range of target spectral efficiency per UE is [0.01, 0.5] bps/Hz and the CRC bits are not included in the calculation of spectrum efficiency. The BS antenna configuration can be 2 Rx or 4 Rx. The number of UEs can be 4, 6, 8, or 12. The channel models can be TDL-A with delay spread DS=30ns, or TDL-C with delay spread DS=300ns, and the UE velocity is 3 km/h. The channel estimation is perfect. For ease of presentation, the triple (TDL-A, 30ns, 1T2R) means the system configuration that the channel model is TDL-A, the delay spread is 30ns, and the antenna configuration is 2Rx.  
[bookmark: _Ref450656597][bookmark: _Ref450656593]Table 1. Evaluation parameters – LLS for UL
	Parameters 
	Values or assumptions 

	Carrier Frequency 
	2 GHz 

	Waveform 
	OFDM

	Numerology 
	Same as Release 13 

	System Bandwidth 
	10 MHz 

	Transmission Bandwidth 
	4RB

	Target spectral efficiency 
	Per UE spectral efficiency: [0.01 0.5] bps/Hz 

	Channel coding
	LTE Turbo

	BS antenna configuration 
	2/4 Rx 

	UE antenna configuration 
	1Tx 

	Transmission mode 
	TM1 (refer to TS36.213) 

	SNR distribution of Multiple UEs 
	Equal/Unequal SNR

	Number of Multiplexed UEs
	4, 6, 8, 12

	Propagation channel & UE velocity 
	TDL-A 30ns or TDL-C 300ns, 3km/h

	Max number of HARQ transmission 
	1



UL MA Schemes
In this contribution, different uplink non-orthogonal MA schemes (including SCMA) are compared with the baseline orthogonal scheme of OFDMA with distributed subcarrier allocation. The details of distributed subcarrier allocation have been introduced in [3], which guarantees the diversity order of OFDMA is the same as other non-orthogonal MA schemes for fair comparison. In the simulation, the MMSE receiver is applied for OFDMA.
The non-orthogonal MA schemes evaluated in this contribution are:
· SCMA [3]
· Low Density Spreading OFDMA (LDS-OFDMA) [4], with the same 6-by-4 sparse signature matrix as SCMA:

The spreading is performed by simply multiplying the QAM symbol with a 0-1 spreading sequence. In the simulation, the SIC-MPA receiver introduced in [5] is applied for LDS-OFDMA.
· Multicarrier CDMA (MC-CDMA) with complex spreading sequences. Many MA schemes proposed for NR can be regarded as MC-CDMA, e.g. [6], [7], [8]. In this contribution, the spreading sequences of MC-CDMA are generated as in [6], which means the real and imaginary parts of the complex elements in the spreading sequence are drawn from {-1, 0, 1} with uniform distribution. In the simulation, MMSE receiver with codeword-level SIC is applied for MC-CDMA.
The same spreading factor of 4 is assumed for SCMA, LDS-OFDMA and MC-CDMA. Assuming 4 RBs assigned to 4 users as normal traffic loading, when the number of UEs is larger than 4 with the same number of RBs, we consider it as overloading scenarios. More specifically, when the number of UEs is 4, 6, 8, and 12 for 4 RBs, we could define an overloading factor as 100%, 150%, 200%, and 300% respectively. 
Average SNR Distribution
For UL LLS, the average SNRs of the UEs are usually assumed to be equal, which is convenient for performance illustration. In real scenario, the distribution of average SNR depends on the UL power control. With perfect power control, the average SNRs of all the UEs are equal. Otherwise, the average SNRs will be unequal. In the simulation, both equal and unequal average SNR will be considered, defined as total received power per RE over noise power, the same as in [3]. For the case of unequal average SNR, the average SNR of different UEs are assumed to be uniformly distributed over , where  is the reference SNR for all the UEs and  is the maximum power deviation, both in dB. In the simulation, the reference SNR is the same for all the UEs, and the received SNR of each UE will be randomly generated per subframe.
Random Codebook Allocation
The allocation of codebook to each UE can be either fixed or random, depending on the scenarios. Fixed codebook allocation can be applied in scheduling or semi-persistent scheduling based scenarios. When the number of UEs is larger than the number of codebooks or sequences, some UEs will be allocated with the same codebook. Random codebook selection can be very often in grant-free based scenarios. With random codebook selection, the collision between UEs will happen. In this case, the robustness of MA schemes to codebook collision should be investigated. 

Simulation Results
Equal average SNR
In this section, different MA schemes are compared with the baseline OFDMA scheme in terms of sum throughput. The codebook allocation is fixed, and the average SNRs are equal. First, the channel model, the number of UEs, and target spectral efficiency are determined, the BLER curves are generated by LLS. Then, each BLER curve can be transformed to an SNR-to-throughput curve. Thereafter, the sum throughput is derived by taking the envelope of the SNR-to-throughput curves. Here, the sum throughput is normalized by the number of UEs, and represented by spectral efficiency per UE. Note it is different from the target spectral efficiency per UE, since only the packets successfully delivered are taken into considered.  
When the configuration is (TDL-A, 30ns, 1T2R), the curves of sum throughput are presented in Figure 1. Figure 1(a) to Figure 1(d) show the results under 4, 6, 8 and 12 UEs, respectively. In Table 2, the SNR gaps between different MA schemes are summarized. When per UE spectral efficiency is less than 0.05 bps/Hz, all the MA schemes perform close to each other. In this case, the system is power-limited, and the power efficiency of different MA schemes is the same. When per UE spectral efficiency is higher than 0.05 bps/Hz and the number of UEs is larger than 4, the non-orthogonal MA schemes SCMA, LDS-OFDMA and MC-CDMA have higher throughput than the orthogonal MA scheme OFDMA. This is because the non-orthogonal MA schemes have larger transmit bandwidth than orthogonal MA scheme, thus the bandwidth efficiency is higher. 
The curves of sum throughput under (TDL-C, 300ns, 1T2R), (TDL-A, 30ns, 1T4R), (TDL-C, 300ns, 1T4R) are presented in Figure 4 to Figure 6, respectively. The results show that the comparison results still hold, no matter the channel model and the number of receive antennas.
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Figure 1. Normalized sum throughput of MA schemes @TDL-A 30ns, 1T2R

Table 2. Performance gain in dB over OFDMA@TDL-A 30ns, 1T2R
	
	4UE
	6UE

	Spectral Efficiency per UE (bps/Hz)
	0.05
	0.1
	0.2
	0.3
	0.4
	0.05
	0.1
	0.2
	0.3
	0.4

	SCMA
	0.1
	0.5
	1.8
	1.9
	2.0
	0.1
	1.4
	2.5
	3.3
	4.3

	LDS-OFDMA
	0.0
	-0.1
	-0.1
	-0.1
	-0.3
	0.1
	0.8
	1.1
	1.5
	2.3

	MC-CDMA
	-0.2
	-0.3
	-0.2
	-0.3
	-0.6
	0.0
	0.7
	0.9
	1.0
	1.6

	
	8UE
	12UE

	Spectral Efficiency per UE (bps/Hz)
	0.05
	0.1
	0.2
	0.3
	0.4
	0.05
	0.1
	0.2
	0.3
	0.4

	SCMA
	0.6
	2.1
	3.4
	4.7
	5.8
	1.7
	3.4
	6.1
	9.3
	10.5

	LDS-OFDMA
	0.6
	1.7
	2.3
	3.3
	4.2
	1.7
	3.0
	4.9
	7.3
	8.9

	MC-CDMA
	0.5
	1.5
	1.9
	2.6
	3.7
	1.5
	2.6
	4.1
	6.1
	6.4




Unequal Average SNR
In this section, the performance of MA schemes is compared with unequal average SNR. In the simulation, the average SNR of different UEs are assumed to be uniformly distributed over , where  is the reference SNR and the maximum power deviation from the reference SNR is 3dB. 
When the configuration is (TDL-A, 30ns, 1T2R), the curves of normalized sum throughput are presented in Figure 2. 
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Figure 2. Normalized sum throughput of MA schemes @TDL-A 30ns, 1T2R, unequal SNR

From the simulation results with equal/unequal average SNR, we have the following observation:
Observation 1: Non-orthogonal MA schemes show higher throughput than the orthogonal MA scheme, i.e. OFDMA.

Random Codebook Allocation
In this section, the performance of SCMA with random codebook allocation is presented. As shown in Figure 3, the BLER of random codebook allocation does not degrade compared with fixed codebook allocation. 
[image: ][image: ]
				(a). 4UE, 1T2R							    (b). 4UE, 1T4R
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				(c). 8UE, 1T2R							    (d). 8UE, 1T4R
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Figure 3. BLER curves of SCMA with fixed and random codebook allocation
From the simulation results, we have the following observation:
Observation 2: With random codebook allocation, SCMA has been shown to be robust to codebook collision.

Based on the above results as well as the observations in [9], we have
[bookmark: OLE_LINK187][bookmark: OLE_LINK188]Proposal 1: Non orthogonal multiple access should be supported at least for UL mMTC in NR.

Conclusions
From the above LLS results, we have following observations:
Observation 1: Non-orthogonal MA schemes show higher throughput than the orthogonal MA scheme, i.e. OFDMA.
Observation 2: With random codebook allocation, SCMA has been shown to be robust to codebook collision.

Based on the above observations, we have
Proposal 1: Non orthogonal multiple access should be supported at least for UL mMTC in NR.
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Appendix
The normalized sum throughput curves under channel configurations (TDL-C, 300ns, 1T2R), (TDL-A, 30ns, 1T4R), (TDL-C, 300ns, 1T4R) are shown in Figure 4 to Figure 6, respectively. The SNR gaps in dB are summarized in Table 3 to Table 5, respectively.  
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Figure 4. Normalized sum throughput of different MA schemes @TDL-C 300ns, 1T2R

Table 3. Performance gain in dB over OFDMA@TDL-C 300ns, 1T2R
	
	4UE
	6UE

	Spectral Efficiency per UE (bps/Hz)
	0.05
	0.1
	0.2
	0.3
	0.4
	0.05
	0.1
	0.2
	0.3
	0.4

	SCMA
	0.0
	0.6
	1.7
	2.1
	2.2
	0.2
	1.7
	2.6
	3.5
	4.7

	LDS-OFDMA
	-0.4
	-0.5
	-0.5
	-0.4
	-0.3
	-0.1
	0.7
	0.7
	1.4
	2.2

	MC-CDMA
	-0.4
	-0.5
	-0.6
	-0.6
	-0.6
	-0.1
	0.7
	0.6
	0.9
	1.7

	
	8UE
	12UE

	Spectral Efficiency per UE (bps/Hz)
	0.05
	0.1
	0.2
	0.3
	0.4
	0.05
	0.1
	0.2
	0.3
	0.4

	SCMA
	0.6
	2.0
	3.4
	4.6
	6.0
	1.4
	2.0
	5.2
	7.1
	9.7

	LDS-OFDMA
	0.2
	1.2
	1.8
	2.9
	4.1
	1.4
	1.6
	3.9
	5.5
	7.8

	MC-CDMA
	0.2
	1.2
	1.3
	2.3
	3.5
	1.2
	1.4
	3.6
	4.3
	4.9
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Figure 5. Normalized sum throughput of different MA schemes @TDL-A 30ns, 1T4R

Table 4. Performance gain in dB over OFDMA@TDL-A 30ns, 1T4R
	
	4UE
	6UE

	Spectral Efficiency per UE (bps/Hz)
	0.05
	0.1
	0.2
	0.3
	0.4
	0.05
	0.1
	0.2
	0.3
	0.4

	SCMA
	0
	0.6
	1.3
	2.0
	2.4
	0.2
	1.5
	2.7
	3.6
	4.8

	LDS-OFDMA
	0
	-0.1
	-0.1
	-0.1
	-0.1
	0.2
	0.8
	1.4
	1.6
	2.4

	MC-CDMA
	-0.1
	-0.2
	-0.2
	-0.3
	-0.3
	0.2
	0.6
	1.1
	1.3
	2.1

	
	8UE
	12UE

	Spectral Efficiency per UE (bps/Hz)
	0.05
	0.1
	0.2
	0.3
	0.4
	0.05
	0.1
	0.2
	0.3
	0.4

	SCMA
	0.8
	2.6
	4.6
	5.7
	6.9
	1.8
	4.1
	6.3
	9.7
	12.3

	LDS-OFDMA
	0.8
	1.9
	3.4
	3.7
	4.6
	1.9
	3.8
	4.9
	7.9
	10.1

	MC-CDMA
	0.7
	1.8
	3.0
	3.6
	4.5
	1.7
	3.8
	4.7
	7.8
	10.0
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Figure 6. Normalized sum throughput of different MA schemes @TDL-C 300ns, 1T4R

Table 5. Performance gain in dB over OFDMA@TDL-C 300ns, 1T4R
	
	4UE
	6UE

	Spectral Efficiency per UE (bps/Hz)
	0.05
	0.1
	0.2
	0.3
	0.4
	0.05
	0.1
	0.2
	0.3
	0.4

	SCMA
	0
	0.8
	1.4
	2.1
	2.5
	0.2
	1.5
	2.7
	3.5
	4.9

	LDS-OFDMA
	0
	0
	-0.1
	0.1
	0.1
	0.2
	0.6
	1.3
	1.5
	2.4

	MC-CDMA
	0
	-0.1
	-0.1
	-0.2
	[bookmark: _GoBack]-0.2
	0.2
	0.5
	1.2
	1.2
	2.2

	
	8UE
	12UE

	Spectral Efficiency per UE (bps/Hz)
	0.05
	0.1
	0.2
	0.3
	0.4
	0.05
	0.1
	0.2
	0.3
	0.4

	SCMA
	0.9
	2.6
	4.7
	5.7
	7.0
	1.9
	4.2
	6.4
	9.8
	12.3

	LDS-OFDMA
	0.9
	1.8
	3.3
	3.7
	4.7
	1.9
	3.9
	4.9
	7.8
	9.9

	MC-CDMA
	0.8
	1.8
	3.0
	3.6
	4.5
	1.8
	3.9
	4.7
	7.8
	10.1



For the purpose of calibration, some BLER curves are presented in Figure 7 to Figure 10. Note the CRC bits are not included in the calculation of spectrum efficiency.
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Figure 7. BLER curves of different MA schemes @TDL-A 30ns, 1T2R, 6UE
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Figure 8. BLER curves of different MA schemes @TDL-C 300ns, 1T2R, 6UE
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Figure 9. BLER curves of different MA schemes @TDL-A 30ns, 1T4R, 6UE
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Figure 10. BLER curves of different MA schemes @TDL-C 300ns, 1T4R, 6UE
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