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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#84bis, the evaluation methodology for MA was discussed and the following has been agreed:
· 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

In RAN1#86, the following agreements were achieved:
· For NR non-orthogonal multiple access evaluation, realistic channel estimation is prioritized and the following aspects are considered 
· The proposed DMRS pattern(s), if any, for channel estimation
· FFS: DMRS overhead. E.g., LTE UL DMRS overhead can be used as a reference.
· FFS: DMRS contamination due to inter-cell interference
· FFS: Impact of DMRS collision in case of “autonomous/grant-free/contention based”  multiple access
· Note: companies report the DMRS settings used for the LLS/SLS evaluation.

Sparse code multiple access (SCMA) has been proposed as a multiple access (MA) scheme for NR [1]. Uplink LLS results of SCMA have been presented in [2] and [3], which show that SCMA can provide much 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. In this contribution, we present further UL LLS results with realistic channel estimation in addition to ideal channel estimation, as well as MCL analysis with one example of tailored SCMA design for extreme coverage scenario in mMTC to investigate the performance of MA schemes. 
[bookmark: _Ref129681832]Simulation Settings
[bookmark: OLE_LINK183][bookmark: OLE_LINK184]The evaluation parameters for the uplink LLS are listed in Table 2 in the Appendix. In the simulation, the range of target spectral efficiency (SE) per UE is [0.01, 0.5] bps/Hz and the CRC bits are not included in the calculation of SE. 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. For ease of presentation, the triple (TDL-A, 30ns, 1T2R) means that the channel model is TDL-A, the delay spread is 30ns, and the BS antenna configuration is 2Rx.
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 [2], 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 [1]
· 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. 
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. 
DMRS setting
DMRS is applied for realistic channel estimation. To have a fair comparison, the DMRS setting is the same for all the MA schemes. The time-frequency resources of DMRS are the same as LTE uplink, i.e., it occupies the forth OFDM symbol in each time slot. DMRS sequences are generated from different cyclic shifts to a base sequence as in LTE uplink:

where  is the sequence length. The base sequence  is cyclic extension of a Zadoff-Chu sequence with primer-number length. As there are at most 12 UEs, the cyclic shifts of the 12 UEs are given by 

The transmit power of the DMRS symbol is the same as that of data symbol. 
SCMA for Extreme Coverage
For mMTC scenario, coverage is an important performance metric. The target maximum coupling loss (MCL) for NR is 164 dB for a data rate of 160 bps [9]. In this contribution, we investigate whether SCMA can achieve the target MCL with LLS. The subcarrier spacing is assumed to be 3.75 KHz, as one of the single-tone formats in NB-IoT [10]. With narrower transmit bandwidth, the power density and received SNR can be improved. The length of each time slot is 2 ms, with 7 OFDM symbols. 
In [1], the 4-point low projection SCMA codebook was introduced, as shown in Figure 1. No matter the information bits is 00, 01, 10, or 11, there is only one non-zero component each time. Thus, when there is only a single code block, it becomes single-tone transmission and the PAPR will be 0 dB. In the simulation, the number of subcarrier is 4, and total bandwidth is 15 KHz. To achieve the data rate of 160 bps, assume the block length is 500 time slots and the transmit block size is 160.
[image: ]
Figure 1. 4-point low projection SCMA codebook for extreme coverage
Simulation Results
Fixed Codebook Allocation
In this section, different MA schemes are compared with the baseline OFDMA scheme in terms of sum throughput. In the simulation, the codebook allocation is fixed, and the average SNRs are equal. The BLER curves are generated by LLS, and the SNR-to-throughput curve is generated as the approach in [3]. 
When the configuration is (TDL-A, 30ns, 1T2R), BLER curves of SCMA with ideal and realistic channel estimation are shown in Figure 2. The results show that the SNR　gap between ideal and realistic channel estimation is minor, at most 1.2 dB when there are 12 UEs. The SNR gap depends on the number of UEs and SE per UE. When the number of UEs increases, the inter-UE interference due to the channel estimation error is higher, and the SNR gap becomes larger. When the SE per UE increases, the channel estimation error is smaller due to higher SNR, but the FEC is less efficient due to higher coding rate, thus it can be observed that SNR gap decreases in the 4UE case, and increases in the 12UE case.
[image: ][image: ]
(a). 4UE										(b). 6UE
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(c). 8UE										(d). 12UE
Figure 2. BLER curves of SCMA with ideal (ICE) and realistic (RCE) channel estimation

When the configuration is (TDL-A, 30ns, 1T2R), the SNR-to-throughput curves of four MA schemes with realistic channel estimation are shown in Figure 2. The observation is similar to the case with ideal channel estimation. When SE per UE 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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(a). 4UE										(b). 6UE
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(c). 8UE										(d). 12UE
Figure 3. SNR-to-throughput curves with realistic channel estimation (TDL-A, 30ns, 1T2R)

From the above simulation results and those in [3], we have the following observation:
Observation 1: With both realistic and ideal channel estimation, UL non-orthogonal MA schemes show higher throughput than the UL orthogonal MA scheme, i.e. OFDMA.

Random Codebook Allocation
In this section, the performance of SCMA with random codebook allocation and realistic channel estimation is presented. As shown in Figure 3, the BLER of random codebook allocation does not degrade much compared with fixed codebook allocation. The SNR loss will be larger when the SE per UE increases, and smaller when there are more number of receive antennas. 
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				(a). 4UE, 1T2R							    (b). 4UE, 1T4R
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				(c). 8UE, 1T2R							    (d). 8UE, 1T4R
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				(e). 12UE, 1T2R							    (f). 12UE, 1T4R
Figure 4. BLER curves of SCMA with fixed and random codebook allocation 

From the simulation results and those in [3], we have the following observation:
Observation 2: With random codebook allocation, SCMA has been shown to be robust to codebook collision, under both realistic and ideal channel estimation.
Extreme Coverage
The above results apply to all scenarios. For mMTC scenario, coverage is an important performance metric. With the parameter settings in Section 2.4, the LLS results for the extreme coverage scenario are shown in Figure 5. The corresponding MCL calculation is shown in Table 1. The results show that given the parameter setting, SCMA not only has 0 dB PAPR, but also is able to achieve the target MCL in the extreme coverage scenario.
[image: ]
Figure 5. BLER curves of SCMA (Realistic Channel Estimation)

Table 1. MCL calculation for SCMA under extreme coverage
	
	4 subcarrier and SC=3.75KHz  
(TDL-A 30ns, 1T2R)
	4 subcarrier and SC=3.75KHz  
(TDL-C 300ns, 1T2R)

	Data rate(kbps)
	0.16
	0.16

	Spectrum efficiency (bps/Hz)
	0.011
	0.011

	Transmitter
	
	

	(1) Tx power (dBm)
	23
	23

	Receiver
	
	

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

	(3) Receiver noise figure (dB)
	3
	3

	(4) Interference margin (dB)
	0
	0

	(5) Occupied channel bandwidth (Hz)
	15000
	15000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5)) (dBm)
	-129.24
	-129.24

	(7) Required SINR (dB)
	-14.6
	-13.0

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-143.84
	-142.24

	(9) Rx processing gain
	0
	0

	(10) MCL = (1) (8) + (9) (dB)
	166.84
	165.24



Observation 3: SCMA is able to achieve the target MCL for mMTC in the extreme coverage scenario.

Conclusions
From the above LLS results as well as those in [2] and [3], we have following observations:
Observation 1: With both realistic and ideal channel estimation, UL non-orthogonal MA schemes show higher throughput than the UL orthogonal MA scheme, i.e. OFDMA.
Observation 2: With random codebook allocation, SCMA has been shown to be robust to codebook collision, under both realistic and ideal channel estimation.
Observation 3: SCMA is able to achieve the target MCL for mMTC in the extreme coverage scenario.

Based on the above observations and the SLS results in [11] and [12], we have
Proposal 1: Non orthogonal MA should be supported in NR.
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Appendix
The evaluation parameters for the uplink LLS are listed in Table 2.
[bookmark: _Ref450656597][bookmark: _Ref450656593]Table 2. Evaluation parameters – LLS for UL
	Parameters 
	Values or assumptions 

	Carrier Frequency 
	2 GHz 

	Waveform 
	OFDM

	Numerology 
	Same as Release 13 except for extreme coverage

	System Bandwidth 
	10 MHz 

	Transmission Bandwidth 
	4RB, or 4 subcarriers

	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

	Channel estimation
	Realistic and Ideal



The normalized sum throughput curves under channel configurations (TDL-A, 30ns, 1T4R), (TDL-C, 300ns, 1T2R), (TDL-C, 300ns, 1T4R) are shown in Figure 6 to Figure 8, respectively.
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(a). 4UE										(b). 6UE
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(c). 8UE										(d). 12UE
Figure 6. SNR-to-throughput curves with realistic channel estimation (TDL-A, 30ns, 1T4R)

[image: ][image: ]
(a). 4UE										(b). 6UE
[image: ][image: ]
(c). 8UE										(d). 12UE
Figure 7. SNR-to-throughput curves with realistic channel estimation (TDL-C, 300ns, 1T2R)
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(a). 4UE										(b). 6UE
[image: ][image: ]
(c). 8UE										(d). 12UE
Figure 8. SNR-to-throughput curves with realistic channel estimation (TDL-C, 300ns, 1T4R)
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