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1 [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]In Rel-15 NR Non-orthogonal Multiple Access (NOMA) SID, the following objectives have been identified for the study of NoMA transmitter side signal processing [1]: 
1.1 Transmitter side signal processing schemes for non-orthogonal multiple access [RAN1]:
· Modulation and symbol level processing, including spreading, repetition, interleaving, new constellation mapping, etc.
· Coded bit level processing including interleaving and/or scrambling, etc.
· Symbol to resource element mapping, sparse or not, etc.
· Demodulation reference signal. Other signal is not excluded.
In this contribution, we discuss the design of NoMA transmitter design. In particular, we introduce the design of Sparse Code Multiple Access (SCMA), and explain the motivation and benefit in the design. 
2 [bookmark: _Toc490580573][bookmark: _Toc490731320]SCMA Transmitter Side Design
A NoMA transmitter maps a stream of coded binary bits of a UE to complex symbols for available transmission resources in a UE-specific way to facilitate decoding of the superposed multi-user data at the receiver side at a reasonable cost, thereby improving system capacity. 
For bit level operations, NR already supports UE specific scrambling which can be reused in any NoMA scheme, so we mainly focus on the symbol level NoMA transmitter design. In general, a symbol level NoMA signal can be generated by two logical mapping functions: bits-to-symbols and symbols-to-REs without modifying the other blocks of the NR transmit chain. 
The key elements of SCMA include building the “structured” symbol dependency among a sequence of symbols via joint modulation and spreading in the bits-to-symbols mapping, and introducing sparsity in the symbols-to-REs mapping to further suppress the inter-user interference. Then, a MUD receiver can benefit from both this symbol-level dependency and sparse mapping for UE separation, especially when the overloading is high. 
An SCMA transmitter strictly follows the unified framework agreed in RAN1 #86bis [2][3].
[image: ]
Figure 1. Transmit side design of SCMA based on the unified framework agreed in RAN1 #86bis
2.1 Bits-to-Symbols Mapping of SCMA
The symbol-level ‘structured’ dependency of SCMA transmitter is attributed to its flexibility to optimize the constellations across multiple symbols. Figure 2 shows an example of 16-point SCMA constellation over two symbols. By adjusting the labeling of the input binary bits to the constellation points for each RE (resource element), the overall distance (Euclidean/product) can be optimized. 
Linear spreading with symbol-independent modulation (sequence-based nor repetition based spreading) could not enjoy such flexibility to have improve the overall distance property. This explains the link-level performance gain of the 16-point SCMA modulation against linear spreading over 16QAM over two REs in Figure 3 (More details about the simulation parameters can be found in table A-1 in the appendix). Although the gain stands regardless of the spreading factor, larger spreading factor would bring about more degrees of freedom to optimize the distances, thereby leading to larger gain over linear spreading. 
[image: ]
Figure 2. Example of 2-symbol mapping for 16-point constellation
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	Figure 3. Example of single user performance comparison between the 2-symbol joint mapping and linear spreading (repetition or sequence based) in both AWGN and fading channels


Observation 1: The structured symbol dependency in the bits-to-symbols mapping of SCMA provides more flexibility and better distance properties than sequence or repetition based linear spreading. 
The M-bit to N-symbol mapping of SCMA transmitter can be represented by a  table in which each column represents the symbol sequence in term of an index of the input bit stream. These tables for 8-point, 16-point and 64-point modulations with spreading length of 2 are given in tables A-2 to A-4 in the appendix. 
The same mapping function can also be presented by a formula expressing the relation between the input bit stream b and the output symbol sequence x. For example, the formula of 8-point table in table A-2 in the appendix is
.
Compared with a linear spreading over one symbol QAM modulation, SCMA has an 8-point constellation that maps three binary bits over two symbols, as shown in Figure 4 (correspondent table A-2). This equips NoMA scheme with a finer granularity on the optimization and configuration over the modulation sizes and FEC coding rates, the benefit of which is shown in Figure 5: an 8-point 2 symbol SCMA mapping outperforms a linear spreading of length 2 with either QPSK or 16QAM modulations.  Details about the simulation parameters are in Table A-5. 
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Figure 4. Example of joint mapping of three bits to two REs
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	Figure 5. Example of single user performance of 8-point joint mapping vs linear spreading (sequence or repetition based) in AWGN and fading channels


Observation 2: The bits-to-symbols mapping design in SCMA provides more modulation granularity than the sequence or repetition based linear spreading.
For further user separation, more choices of the joint mapping sequences for a given bit stream (equivalently more M-bits to N-symbols mapping matrices) can be generated by casting some N-by-N transform matrix. For instance of N = 2, this 2-by-2 transform matrix can be one of
.
2.2 Symbols-to-REs mapping of SCMA
SCMA utilizes the symbols-to-REs mapping to further mitigate the inter-user interference and facilitate the low complexity implementation of the MUD (multi-user detection) receivers. UE specific sparse patterns at configurable sparsity level are introduced as follows: 
· Sparsity level is designated as the ratio of the non-zero elements to all available REs in a giving spreading block. The SCMA transmitter configures it for optimal performance by adjusting the channel coding gain and the MUD mitigation capability.
· Sparse pattern defines the locations of the non-zero elements in the group of REs of a spreading block.  The pattern can be repeated throughout the available bandwidth. For example, the sparse patterns of sparse level 50% over the spreading block of size 4 are

In practice, the symbols-to-REs mapping can also be integrated with the bits-to-symbols mapping to directly generate the symbol sequence (including zeros) that will be mapped to the available REs sequentially from an input bit stream.
Observation 3: UE-specific sparse symbols-to-REs mapping of SCMA provides good tradeoff between the coding gain and the multi-user interference mitigation capability.
3 Features and Benefits of SCMA Transmitter
3.1 Flexibility 
SCMA transmitter provides sufficient flexibility for various NR scenarios such as mMTC, URLLC, and eMBB, specifically in the three following dimensions: 
· Bits-to-symbols mapping dimension: SCMA bits-to-symbols mapping provides constellations with larger distances and finer granularity than symbol-independent modulation. Also, SCMA gives the flexibility of extending the spreading length above 2, if desired. 
· Symbols-to-REs mapping dimension: SCMA sparse symbols-to-REs mapping can provide the optimum tradeoff between the coding gain and the multi-user interference mitigation capability by adjusting the spreading length.
· Layered transmission dimension: SCMA transmitter can accommodate multiple layers (rate splitting) for a single UE to achieve higher SE (spectrum efficiency) more efficiently. The diagram of multi-layer SCMA is given in the following figure. Each layer is configured with layer-specific bits-to-symbols mapping and symbols-to-REs mapping.
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Figure 6. Diagram of SCMA transmitter side design with multi-layer transmission.
In summary, by configuring the design parameters, one can adapt the SCMA transmission scheme based on the system requirements in each scenario.
Observation 4: SCMA provides flexible and scalable solution for NoMA transmission to address versatile KPIs in different application scenarios.  
3.2 UE Separation 
SCMA provides UE-specific MA signature design to achieve robust UE separation at the MUD in the following two domains: 
· UE-specific bits-to-symbols mapping: UE-specific transform matrix 
· UE specific symbols-to-REs mapping: UE-specific sparse pattern 
Note that the UE identification and activity detection are jointly performed with other procedures such as DMRS based UE detection. More details can be found in [4]. 
3.3 Performance
The structured symbol dependency in SCMA offers the best tradeoff between the coding gain and spreading gain, the good distance properties and the inter-user interference mitigation capability which can be utilized by the MUD receiver to improve the overall performance. Moreover, SCMA design allows for near-optimal multi-user decoding using low-complexity receivers (like EPA [5]) even for high overloading scenarios. More detailed simulation results capturing the performance of SCMA in link-level can be found in [6]-[8]. As a summary of the features and benefits described above, SCMA is a suitable candidate for NoMA transmission in NR to satisfy different performance metrics for each of the eMBB, URLLC, and mMTC use cases. 
Proposal 1: Further study and evaluation on SCMA should be performed during the Rel-15 NoMA SI.
Conclusions
[bookmark: _GoBack]In this contribution, we introduce the detailed transmitter design for SCMA and made the following observations and proposals.
Observation 1: The structured symbol dependency in the bits-to-symbols mapping of SCMA provides more flexibility and better distance properties than sequence or repetition based linear spreading. 
Observation 2: The bits-to-symbols mapping design in SCMA provides more modulation granularity than the sequence or repetition based linear spreading.
Observation 3: UE-specific sparse symbols-to-REs mapping of SCMA provides good tradeoff between the coding gain and the multi-user interference mitigation capability.
Observation 4: SCMA provides flexible and scalable solution for NoMA transmission to address versatile KPIs in different application scenarios.  
Proposal 1: Further study and evaluation on SCMA should be performed during the Rel-15 NoMA SI.
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Appendix
[bookmark: _Ref447183858]Table A-1. Simulation Assumptions for Figure 3.
	Parameter
	Value

	Evaluated schemes
	Two-dimensional 16-point shown in Figure 3 vs. linear spreading of 16QAM over two symbols

	Channel model
	SISO AWGN and SIMO 1x2 TDLA-30 channel

	Channel coding
	Turbo code with rate 0.5

	Number of data tones
	864 (equivalent to 6 LTE RBs, including the DM-RS overhead)

	Transport Block size
	864 (including CRC bits, Spectral Efficiency = 1)


[bookmark: OLE_LINK8]
Table A-2. Mapping function for the 8-point modulated symbol sequence with length 2
	Sequence index
	1
	2
	3
	4
	5
	6
	7
	8
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Table A-3. Mapping function for the 16-point modulated symbol sequence with length 2
	Sequence index
	1
	2
	3
	4
	5
	6
	7
	8

	Output Symbol sequence
	
	
	
	
	
	
	
	

	Sequence index
	9
	10
	11
	12
	13
	14
	15
	16

	Output Symbol sequence
	
	
	
	
	
	
	
	



Table A-4. Mapping function for the 64-point modulated symbol sequence with length 2
	Sequence index
	1
	2
	3
	4
	5
	6
	7
	8

	Output Symbol sequence
	
	
	
	
	
	
	
	

	Sequence index
	9
	10
	11
	12
	13
	14
	15
	16

	Output Symbol sequence
	
	
	
	
	
	
	
	

	Sequence index
	17
	18
	19
	20
	21
	22
	23
	24

	Output Symbol sequence
	
	
	
	
	
	
	
	

	Sequence index
	25
	26
	27
	28
	29
	30
	31
	32

	Output Symbol sequence
	
	
	
	
	
	
	
	

	Sequence index
	33
	34
	35
	36
	37
	38
	39
	40

	Output Symbol sequence
	
	
	
	
	
	
	
	

	Sequence index
	41
	42
	43
	44
	45
	46
	47
	48

	Output Symbol sequence
	
	
	
	
	
	
	
	

	Sequence index
	49
	50
	51
	52
	53
	54
	55
	56

	Output Symbol sequence
	
	
	
	
	
	
	
	

	Sequence index
	57
	58
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	63
	64

	Output Symbol sequence
	
	
	
	
	
	
	
	




Table A-5. Simulation Assumptions for Figure 5.
	Parameter
	Value

	Evaluated schemes
	Single-UE performance for Joint mapping of 8-point shown in Figure 6 to two tones with two zero tones vs. linear spreading of  QPSK and 16QAM and  over 4 symbols

	Channel model
	SISO AWGN and SIMO 1x2 TDLA-30 channel

	Spectral Efficiency
	0.25 per tone

	Number of data tones
	864 (equivalent to 6 LTE RBs, including the DM-RS overhead)

	Transport Block size
	216 (including the CRC bits)
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