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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#84bis, the evaluation method 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
* LLS includes LLS with optional analytical model.
In [2], sparse code multiple access (SCMA) was proposed as a novel multiple access (MA) scheme for NR. This contribution presents the uplink LLS results, which compare SCMA and OFDMA in typical scenarios and investigate the robustness of SCMA to overloading and codebook collision. 
[bookmark: _Ref129681832]Simulation Setup
In RAN1#84bis, the evaluation parameters of LLS for UL are agreed as in Table 1 [3]. This section further clarifies the parameter setup in the simulation.
[bookmark: _Ref450656597][bookmark: _Ref450656593]Table 1. Evaluation parameters – LLS for UL
	Parameters 
	Values or assumptions 

	Carrier Frequency 
	2 GHz 

	Waveform 
	OFDM /SC-FDMA 
Other waveform is not precluded 

	Numerology 
	Same as Release 13 

	System Bandwidth 
	10 MHz 

	Target spectral efficiency 
	Proponents report per UE spectral efficiency and the number of UEs multiplexed if multi-UEs LLS is assumed 

	BS antenna configuration 
	2/4 Rx as baseline 
8Rx optional 

	UE antenna configuration 
	1Tx 

	Transmission mode 
	TM1 (refer to TS36.213) 

	SNR distribution of Multiple UEs 
	Proponents report if single-user or multi-user LLS is used, and what SNR distribution is assumed. 

	Propagation channel & UE velocity 
	TDL for in TR38.900 as mandatory 
EPA, EVA, ETU as optional 
3km/h, 30km/h, 120km/h 

	Max number of HARQ transmission 
	1, 4 



Transmit Bandwidth and Subcarrier Allocation
In the simulation, the total transmit bandwidth can be 4RB or 12RB. As we focus on scenarios with multiple UEs, the way of subcarrier allocation needs to be specified. For SCMA, each UE will occupy the whole bandwidth, i.e., all the subcarriers. For OFDMA, there are two ways of subcarrier allocation, as shown in Figure 1. One is localized subcarrier allocation, which means allocated subcarriers to each UE are continuous. The other is distributed subcarrier allocation, which means allocated subcarriers are distributed over the whole bandwidth.


[bookmark: _Ref450653581][bookmark: _Ref450653573]Figure 1. Localized and distributed subcarrier allocation
Target Spectrum Efficiency
In the simulation, different MA schemes are compared under the same target spectrum efficiency. Three levels of target spectrum efficiency per UE will be considered: 0.25, 0.375, and 0.5 bps/Hz. Here, the spectrum efficiency is defined as the total number of information bits over the total number of REs for data transmission. For different MA schemes, each UE may occupy different amount of bandwidth. Thus, the spectrum efficiency is defined by considering the total transmit bandwidth. 
Given the total transmit bandwidth and the target spectrum efficiency, TB size of each UE can be determined. When the bandwidth is 4RB, the TB size is 120 bits, 192 bits, and 264 bits for the three levels of target spectrum efficiency, respectively. When the bandwidth is 12RB, the TB size is 408 bits, 624 bits, and 840 bits for the three levels of target spectrum efficiency, respectively.
Overloading Scenarios
As shown in [2], SCMA can be applied to overloading scenarios, i.e., the number of multiplexed UEs is larger than the number of available resources. SCMA has a 6-by-4 codebook structure, which means there are 6 different codebooks over 4 available REs. In the simulation, the number of UEs can be 4, 6, 8, and 12. When the spreading factor is 4, the overloading factor is 100%, 150%, 200%, and 300%, respectively. To simplify the simulation, the long-term average SNR of UEs is assumed to be the same. For low to medium overloading scenarios, MPA algorithm is applied for the receiver. When the overloading factor is high, the SIC-MPA will be applied to reduce the receiver complexity [4]. 
When the number of UEs is less or equal to 6, the UEs will be allocated with different codebooks. When the number of UEs is larger than 6, some UEs will be allocated with the same codebook. For example, when there are 12 UEs, every 2 UEs will be allocated with the same codebook. For OFDMA, when the number of UEs increases, the allocated bandwidth to each UE will decrease. To transmit the same amount of data, higher order of modulation and coding scheme needs to be applied. In Table 2, the modulation and coding schemes for SCMA and OFDMA under different scenarios are summarized. The examples of SCMA 8-point codebook and 16-point codebook are shown in the Appendix. 
[bookmark: _Ref450658328]Table 2. Modulation and coding schemes for SCMA and OFDMA
	Overloading scenarios
	Number of multiplexed UE
	Target SE per UE
	Modulation size and code rate for SCMA
	Modulation size and code rate for OFDMA

	100%
	4
	0.25
	8-point, 1/3
	QPSK,1/2

	
	
	0.375
	8-point, 1/2
	16QAM, 3/8

	
	
	0.5
	16-point, 1/2
	16QAM, 1/2

	150%
	6
	0.25
	8-point, 1/3
	16QAM, 3/8

	
	
	0.375
	8-point, 1/2
	16QAM, 9/16

	
	
	0.5
	16-point, 1/2
	64QAM, 1/2

	200%
	8
	0.25
	8-point, 1/3
	16QAM, 1/2

	
	
	0.375
	8-point, 1/2
	16QAM, 3/4

	
	
	0.5
	16-point, 1/2
	64QAM, 2/3

	300%
	12
	0.25
	8-point, 1/3
	64QAM, 1/2

	
	
	0.375
	8-point, 1/2
	64QAM, 3/4

	
	
	0.5
	16-point, 1/2
	256QAM, 3/4



Simulation Results
SCMA versus OFDMA
In this section, the uplink link-level performance of SCMA and OFDMA are compared. With different combinations of the number of multiplexed UEs, channel models, total bandwidth, and target spectrum efficiency, there are a large number of potential scenarios. 
For ease of presentation, consider a group of scenarios for example: the number of UEs is 6, the total bandwidth is 12 RB, and the target spectrum efficiency is 0.25 bps/Hz per UE. The BS antenna configuration can be 2 Rx or 4 Rx, denoted by 1T2R or 1T4R, respectively. The channel models can be TDL-A with delay spread DS=30ns, or TDL-C with delay spread DS=300ns [5]. For SCMA, each UE will occupy the whole bandwidth. For OFDMA, each UE will occupy 2 RBs or 24 subcarriers in either localized or distributed way. The modulation and coding schemes of SCMA and OFDMA can be referred to Table 2. To have fair comparison, the average total received power is kept the same, and the SNR is defined as total received power over noise power.
With the above assumption, the BLER curves of SCMA and OFDMA are shown in Figure 2. In Figure 2(a), when the channel model is TDL-A with DS=30ns and the antenna configuration is 1T2R, SCMA is 1.9 dB better than OFDMA with either localized or distributed subcarrier allocation. In Figure 2(b), when the channel model is TDL-C with DS=300ns and the antenna configuration is 1T2R, SCMA is 2.0 dB better than OFDMA with distributed subcarrier allocation, and 2.9 dB better than OFDMA with localized subcarrier allocation. For both channel models, SCMA is around 2.0 dB better than OFDMA with distributed subcarrier allocation, which is due to the codebook design and non-orthogonal user multiplexing [2]. When the channel model is TDL-C with DS=300ns, frequency diversity brings another 0.9 dB gain over OFDMA with localized subcarrier allocation. This is because with larger delay spread, the coherent bandwidth is smaller, and if the total bandwidth is larger than the coherent bandwidth, the distributed subcarrier allocation is better than local subcarrier allocation due to the frequency diversity. 
In Figure 2(c) and Figure 2(d), the antenna configuration is 1T4R, and the performance gaps between SCMA and OFDMA are quite similar to the case of 1T2R. This means that the performance gain due to codebook design and non-orthogonal user multiplexing is not sensitive to the number of receive antennas. 
 (
1.9 dB
) (
2.0 dB
) (
0.9 dB
)[image: ] [image: ]
(a). 1T2R, TDL-A, DS=30 ns						(b). 1T2R, TDL-C, DS=300ns
 (
2.1 dB
) (
2.1 dB
) (
0.7 dB
)[image: ][image: ]
(c). 1T4R, TDL-A, DS=30ns                                   (d). 1T4R, TDL-C, DS=300ns
[bookmark: _Ref450658830]Figure 2. BLER curves of SCMA and OFDMA (6UEs, 12 RB, and 0.25 bps/Hz per UE)
For scenarios with different number of multiplexed UEs and target spectrum efficiency, the performance gain of SCMA over OFDMA can be different. In Table 3, Table 4, and Table 5, the SNR gains of SCMA over OFDMA under different scenarios are summarized. As shown in Figure 2, the SNR gains of 1T2R and 1T4R are similar, thus we only focus on the scenarios of 1T2R here. There are two values in each grid. The first value means the SNR gain of SCMA over OFDMA with distributed subcarrier allocation, and the second one means the SNR gain of SCMA over OFDMA with local subcarrier allocation. All the values are calculated at BLER=0.1.
The results show that SCMA can have significant SNR gains over OFDMA under the same target spectrum efficiency and the number of UEs. When target spectrum efficiency is 0.25 bps/Hz per UE, the SNR gain of SCMA over OFDMA with distributed subcarrier allocation grows from 0.6~0.9 dB to 4.6~5.4 dB, when the number of UEs increases from 4 to 12. Similarly, when the target spectrum efficiency is 0.375 bps/Hz per UE, the SNR gain grows from 1.2~1.4 dB to 5.4~6.7 dB, when the number of UEs increases from 4 to 12; when the target spectrum efficiency is 0.5 bps/Hz, the SNR gain grows from 2.2~2.3 dB to 5.7~6.1 dB, when the number of UEs increases from 4 to 8. When the number of UEs increases or the target spectrum efficiency is higher, the SNR gain due to codebook design and non-orthogonal multiplexing is higher. 
The SNR gains of SCMA over OFDMA with distributed subcarrier allocation are not sensitive to the channel models or the transmit bandwidth. However, the SNR gains of SCMA over OFDMA with localized subcarrier allocation are different for different scenarios. This is because when the delay spread increases, the coherent bandwidth is smaller, the gain due to frequency diversity increases. Thus, for the channel model with larger delay spread, SCMA has larger SNR gain over OFDMA with localized subcarrier allocation. 
[bookmark: _Ref450674492]Table 3. SNR gains of SCMA over OFDMA (target SE=0.25 bps/Hz per UE, 1T2R) 
	
	TDL-A, 10ns
	TDL-A, 30ns
	TDL-B, 100ns
	TDL-C, 300ns
	TDL-C, 1000ns

	
	4 RBs
	12 RBs
	4 RBs
	12 RBs
	4 RBs
	12 RBs
	4 RBs
	12 RBs
	4 RBs
	12 RBs

	4 UE
	0.6/0.6*
	0.6/0.6
	0.6/0.6
	0.6/0.6
	0.6/0.7
	0.7/1.1
	0.6/1.1
	0.8/1.1
	0.8/1.8
	0.9/2.2

	6 UE
	1.9/2.0
	2.0/2.0
	1.9/1.9
	1.9/1.9
	2.0/2.0
	2.0/2.6
	2.0/2.4
	2.0/2.9
	2.1/3.3
	2.1/3.8

	8 UE
	2.8/2.8
	2.6/2.6
	2.8/2.8
	2.7/2.7
	2.9/2.9
	2.8/3.4
	3.0/3.3
	3.0/3.7
	3.2/4.1
	2.8/4.7

	12 UE
	4.6/4.6
	4.6/4.6
	4.6/4.6
	4.6/4.7
	4.7/4.8
	5.1/5.4
	4.9/5.1
	5.2/5.8
	5.4/6.0
	4.8/6.5


* The first value is gap between SCMA and OFDMA with distributed subcarrier allocation, and the second value is the gap between SCMA and OFDMA with local subcarrier allocation.

[bookmark: _Ref450674499]Table 4. SNR gains of SCMA over OFDMA (target SE=0.375 bps/Hz per UE, 1T2R) 
	
	TDL-A, 10ns
	TDL-A, 30ns
	TDL-B, 100ns
	TDL-C, 300ns
	TDL-C, 1000ns

	
	4 RBs
	12 RBs
	4 RBs
	12 RBs
	4 RBs
	12 RBs
	4 RBs
	12 RBs
	4 RBs
	12 RBs

	4 UE
	1.3/1.3
	1.2/1.2
	1.4/1.4
	1.4/1.4
	1.3/1.4
	1.4/1.7
	1.3/1.7
	1.2/2.0
	1.3/2.3
	1.2/2.6

	6 UE
	2.7/2.7
	2.6/2.6
	2.7/2.7
	2.5/2.5
	2.7/2.7
	2.7/3.0
	2.7/3.2
	2.6/3.4
	2.8/3.8
	2.7/4.2

	8 UE
	3.9/3.9
	3.8/3.8
	4.0/4.0
	3.8/3.8
	4.0/4.0
	4.1/4.3
	4.1/4.3
	4.2/4.6
	4.4/5.0
	4.0/5.7

	12 UE
	6.5/6.5
	6.3/6.3
	6.5/6.5
	6.4/6.5
	6.6/6.7
	6.6/6.9
	6.7/6.9
	6.3/6.9
	6.7/7.4
	5.4/6.9



[bookmark: _Ref450674507]Table 5. SNR gains of SCMA over OFDMA (target SE=0.5 bps/Hz per UE, 1T2R) 
	
	TDL-A, 10ns
	TDL-A, 30ns
	TDL-B, 100ns
	TDL-C, 300ns
	TDL-C, 1000ns

	
	4 RBs
	12 RBs
	4 RBs
	12 RBs
	4 RBs
	12 RBs
	4 RBs
	12 RBs
	4 RBs
	12 RBs

	4 UE
	2.2/2.2
	2.0/2.0
	2.2/2.2
	2.1/2.1
	2.2/2.3
	2.2/2.5
	2.2/2.6
	2.2/2.9
	2.3/3.2
	2.2/3.6

	6 UE
	4.2/4.2
	4.0/4.0
	4.1/4.1
	4.0/4.0
	4.3/4.3
	4.4/4.6
	4.4/4.6
	4.7/5.2
	4.7/5.4
	4.7/6.2

	8 UE
	5.8/5.8
	5.7/5.7
	5.8/5.9
	5.8/5.8
	5.8/5.9
	5.9/6.3
	5.9/6.2
	5.8/6.4
	6.1/6.9
	5.7/7.3
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(a). 6UE								(b). 8UE
[bookmark: _Ref450677560]Figure 3. Total throughput comparison between SCMA and OFDMA 
Given the number of UEs, target spectrum efficiency and total SNR, the sum throughput can be derived from the BLER curves. The total throughput comparison between SCMA and OFDMA is shown in Figure 3(a) and Figure 3(b). If we focus on the middle part of the SNR region, there is 30~50% throughput gain for the 6 UE case, and 30~70% throughput gain for the 8 UE case. The throughput gain is due to the non-orthogonal user multiplexing and codebook design. 
To summarize, the following observations are from the LLS results:
Observation 1: Non-orthogonal multiple access can have significant gain over orthogonal multiple access with good codebook design, and SCMA can provide up to 6.7 dB gain over OFDMA.
Observation 2:  The gain of SCMA over OFDMA increases as the supported number of users and target spectrum efficiency increases.
Effects of overloading
In this section, the performance of SCMA under different overloading scenarios is investigated. In the simulation, the total bandwidth is 12 RB, the target spectrum efficiency is 0.25 bps/Hz per UE, the antenna configuration can be 1T2R or 1T4R, and the channel models can be TDL-A with delay spread DS=30ns, or TDL-C with delay spread DS=300ns. To compare per UE performance under different scenarios, the SNR is defined as received signal power per UE over noise power. As shown in Figure 4, SCMA works well in the high overloading scenario, and the link-level performance can approach the single user bound even for when the overloading factor is 300%. If compare the performance of 12 UE with that of 4 UE at BLER=0.1, the performance loss is less than 0.6 dB under 1T2R, and less than 0.2 dB under 1T4R. The performance loss is less than 0.1 dB at BLER=0.01 for all the cases. 
When the supported number of UEs increases, the inter-UE interference will increase due to the non-orthogonal user multiplexing. The codebook design of SCMA makes it feasible for efficient interference cancellation even in the high overloading scenario, thus the performance of SCMA can approach to the single user bound and is stable to different overloading scenarios. When there are more receiver antennas, the capability of interference cancellation will be higher and the performance is closer to the single user bound. 
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(c). 1T4R, TDL-A, DS=30ns                                 (d). 1T4R, TDL-C, DS=300ns
[bookmark: _Ref450678215]Figure 4. BLER curves of SCMA under different overloading scenario
The following observation is from the LLS results:
Observation 3: High overloading with stable performance is feasible with SCMA design, which enables robust overloaded transmission. 
Effects of codebook collision
In this section, the robustness of SCMA to codebook collision is investigated. In grant-free scenarios, UEs may choose the SCMA codebooks on their own [6]. When there are multiple active UEs, codebook collision may happen, i.e., multiple UEs transmit with the same codebook. Assume there are 6 active UEs. When there is no collision between the UEs and the signature matrix of codebooks is given by[footnoteRef:1] [1:  The definition of signature matrix is given in the Appendix.] 


If the UEs choose the codebook on their own, collision may happen. For example, UE1 and UE2 choose the first codebook, UE3 and UE4 choose the third codebook, UE5 and UE6 choose the fifth codebook, then the signature matrix is given by

In the simulation, the total bandwidth is 12 RB, the number of active UEs is fixed to be 6, and the target spectrum efficiency is 0.25 bps/Hz or 0.375 bps/Hz per UE. For SCMA with codebook collision, the UEs are assumed to randomly choose the codebook. For SCMA without codebook collision, the UEs are allocated with different codebooks. As shown in the Figure 5, the performance loss due to codebook collision is less than 0.2 dB for all the cases. This means with the codebook design and MPA-type receiver, SCMA is robust to codebook collision, thus enables grant-free transmission. 
[image: ] [image: ]
[bookmark: _Ref450678376](a). 1T2R, TDL-A, DS=30 ns						(b). 1T2R, TDL-C, DS=300ns
[image: ][image: ]
(c). 1T4R, TDL-A, DS=30ns                                 (d). 1T4R, TDL-C, DS=300ns
Figure 5. BLER curves with and without collision
The following observation is from the LLS results:
Observation 4: The performance loss with codebook collision is negligible with SCMA design, which enables robust grant-free transmission.
Conclusions
From the uplink LLS results, we have following observations:
Observation 1: Non-orthogonal multiple access can have significant gain over orthogonal multiple access with good codebook design, and SCMA can provide up to 6.7 dB gain over OFDMA.
Observation 2:  The gain of SCMA over OFDMA increases as the supported number of users and target spectrum efficiency increases.
Observation 3: High overloading with stable performance is feasible with SCMA design, which enables robust overloaded transmission.
Observation 4: The performance loss with codebook collision is negligible with SCMA design, which enables robust grant-free transmission.
From the above observations, we have following proposals: 
Proposal 1: Spreading based non orthogonal multiple access should be considered for UL multiple access.
Proposal 2: Sparse spreading for high overloaded scenario should be considered.
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Appendix
A.1 Examples of SCMA Codebooks
The procedure of SCMA codebook mapping has been described in [2]. The SCMA modulator maps input bits to a complex multi-dimensional codeword selected from a layer-specific SCMA codebook. The SCMA codewords are sparse, i.e. only few of their entries are non-zero and the rest are zero. All SCMA codewords corresponding to a SCMA layer have a unique location of non-zero entries, referred to as sparsity pattern for simplicity. The sparsity patterns of all the layers can be represented by a signature matrix. Here is an example:

The above signature matrix has 4 rows and 6 columns, i.e., the spreading length is 4 and the number of layers is 6. In the signature matrix, 1 means there is a non-zero entry, 0 means there is a zero entry, and there are always 2 non-zero entries for each SCMA layer. 
In this contribution, the simulation results are based on 8-point and 16-point codebooks. Given the signature matrix, we only need to specify the mapping on the two non-zero entries. Examples of SCMA 8-point codebook and 16-point codebook are illustrated in Figure 6.


[bookmark: _Ref450836780]Figure 6. Examples of SCMA 8-point and 16-point codebooks
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