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In RAN meeting #75, a new SID on Non-Orthogonal Multiple Access (NOMA) for NR was approved [1]. The objective of the NOMA SI is to further progress on the NOMA performance evaluation focusing on uplink and provide recommendation about the key design features to be specified later. NOMA schemes can be used for both grant-based and grant-free transmission. Several benefits of NOMA have been discussed in the literature and a number of contributions submitted to 3GPP by several companies which motivate its application in diverse NR use cases and deployment scenarios including eMBB, mMTC and URLLC. 
In RAN1#93 it was agreed that:
· Transmitter side data processing for NOMA can be based on one or more of the following aspects
· UE -specific bit-level scrambling
· UE -specific bit-level interleaving
· UE -specific symbol-level spreading
· Can be with NR legacy modulation or modified modulation
· UE -specific symbol-level scrambling 
· UE -specific symbol-level interleaving, with symbol-level zero padding
· UE -specific power assignment
· UE-specific sparse RE mapping
· Cell-specific MA signature 
· Multi-branch/MA signature transmission (irrespective of rank) per UE 
[bookmark: _Ref129681832]These aspects characterize different NOMA schemes which can be divided into three general categories discussed in this contribution. We also discuss potential benefits of NOMA in different scenarios and identify suitability of different schemes in these scenarios.
NOMA Schemes
Different NOMA schemes can be divided into following categories with respect to multiple access signature at the transmitter:
i) Code-based NOMA
In code-based NOMA schemes [2]-[12], different users are assigned different codewords, scrambling or spreading sequences and multiplexed over the same time-frequency resources.
ii) Interleave-based NOMA
Interleave-based NOMA schemes [12]-[14] employ user specific bit- and/or symbol-level interleavers for user separation. 
iii) Power domain NOMA
Power domain multiplexing [15] exploits SINR difference among users either due to natural near-far effect or by non-uniform power allocation at the transmitter according to users’ channel conditions to obtain maximum gain in system performance.
In the following, we discuss the features of different schemes, belonging to the aforementioned categories, in terms of transmit side multiple access (MA) signature, receiver side multi-user detector (MUD), their pros and cons and associated challenges to help understand their suitability for different 5G scenarios.
Irrespective of the category, standardization impact of UE signature (codes/interleavers/mapping patterns) design must be identified.
Observation 1: Standardization impact of UE signature (code/interleaver/mapping pattern) design for NOMA schemes must be considered when evaluating NOMA for use in NR.
Code-based NOMA
[bookmark: _Hlk505100816]The NOMA schemes in this category can be further divided into sub-categories based on the spreading signature design features such as sparsity, type (sequence/codeword), length and assignment (pseudo-random/fixed). Table 1 shows summary of different code-based NOMA schemes. The pros and cons of these schemes and their suitability for different scenarios are governed by: i) MA signature design features, and ii) MUD receiver. 
As can be seen from Table 1, signature design to support high overloading is a challenging task for all schemes. Signature design also affects choice of receiver and its complexity. Generally, design of user signature with long sequence is desirable since it tends to exhibit low cross-correlation among contending user’s signals and increases multiplexing capacity. However, a long user signature introduces high decoding complexity and latency. Moreover, long user signatures may not be suitable for transmission with small bandwidth allocation. Therefore, NOMA techniques which can support high user overloading with short length signatures (e.g. LSSA) must be investigated particularly for mMTC and URLLC. 
Observation 2: Short length user signature design helps reduce decoding complexity and latency. 
Observation 3: Trade-off among signature length, overloading factor, decoder complexity and latency must be investigated considering flexible bandwidth allocation.
Decoding complexity and latency also depends on the MUD algorithm at the receiver. Successive interference cancellation (SIC) receiver is considered the simplest whose complexity increases linearly with the number of users/data layers to be decoded. SIC receiver is generally suitable for schemes employing long or non-sparse spreading/scrambling sequences (e.g. MUSA, NOCA, LCRS, RSMA LSSA, GOCA) or with unequal diversity order for different users (e.g. PDMA) to reduce receiver complexity. However, it’s performance degrades when there is negligible SNR difference or channel fading is correlated for the superposed users. Moreover, pipeline of processing may be changed to perform SIC operation. SIC receiver also suffers from error propagation problem which makes its adoption a challenge particularly when initial transmission is required with larger target BLER and when large number of users are superposed. Therefore, although low-complexity SIC helps reduce receiver complexity, its performance must be evaluated considering practical deployment conditions (including operating SNR, channel fading, user location, connection density etc.) and BLER and latency target for each usage scenario.
Observation 4: Feasibility of SIC receiver must be evaluated considering practical deployment conditions (including operating SNR, channel fading, user location etc.) and performance targets (BLER, connection density and latency) for each usage scenario.
Advanced receivers using message parsing algorithm (MPA) can greatly improve detection performance that is particularly important for URLLC at the cost of increased complexity. However, sparse signature design (e.g. in SCMA, PDMA and LDS-SVE) which reduces multi-user interference (MUI) can help reduce MPA receiver complexity. Hence, sparse signature design with MPA can be investigated as a solution for high reliability grant-free transmission in URLLC and higher capacity in grant-free/grant-based transmission in eMBB.
Observation 5: Sparse signature design with MPA is a potential solution for high reliability grant-free transmission in URLLC and higher capacity in grant-free/grant-based transmission in eMBB.
Besides performances, backward compatibility of the receiver architecture must also be considered for NOMA evaluation.
Observation 6: Backward compatibility of the receiver architecture must be considered for NOMA evaluation.
Table 1 Summary of Code-based NOMA
	Scheme
	Transmit & Receive features
	Pros and Cons
	Challenges

	SCMA
	· Coded bits are directly mapped to a codeword from a built codebook according to a multi-dimensional constellation
· Sparse symbol to resource element (RE) mapping pattern is used
· MPA or MPA with SIC is used at the receiver
	· Shaping gain due to multi-dimensional constellation
· Near optimal performance using MPA detector
· Favorable for high reliability transmission
· High receiver complexity 
· PAPR performance is similar to OFDMA 
· Code design is complicated and varies with e.g. different number of users and/or modulation order
	· Support for higher overloading due to challenging codebook design
· Achieving latency target in URLLC

	PDMA
	· Sparse pattern for symbol-to-RE mapping
· [bookmark: _Hlk505169852]Unequal diversity order for different users/codes
· Belief propagation (BP) algorithm at the receiver
· Advanced receiver combining MPA and SIC decoding techniques can also be used
	· Flexible in terms of receiver complexity
· Can alleviate error propagation problem of SIC
· PAPR may increase depending on a diversity pattern
· Variable multi-user interference due to unequal diversity orders for different users
	· Code matrix design to reach good trade-off among overload factor, diversity order and detection complexity 

	LDS-SVE
	· LDS spreading with signature vector extension
· MPA receiver
	· Performance enhancement by exploiting diversity gain
· More robustness against inter-user interference/collision
· May save reference signal overhead
· High receiver complexity
· Increase in PAPR
	· Design of LDS code and signature vector extension method

	MUSA
	· Random complex spreading codes
· Users’ data are used for channel estimation
· Code level SIC receiver
	· Low complexity receiver
· Capability to support large overloading factor
· Improved system efficiency since no pilots or preambles are employed for channel estimation
· Users must be synchronized for optimal decoding performance
· Pipeline of processing may be changed in order to perform SIC operation
	· Design of spreading code and its impact on the complexity of SIC
· Handling of error propagation problem, in particular when initial transmission is required with larger target BLER than 10% or when large number of users are superposed

	NOCA
	· LTE defined low correlation sequences for spreading
· SIC receiver
	· Low complexity receiver
· Can support high overloading and facilitate inter-cell coordination for interference mitigation
	· Handling of error propagation problem in SIC receiver

	NCMA
	· Grassmannian spreading sequence based non-orthogonal code cover (NCC) allocated to each UE
· Parallel interference cancellation (PIC) at the receiver
	· Low complexity MUD
· Capability to support high overloading factor or contention based MA
	· Spreading code design to handle mutual interference 

	LCRS
	· Combines channel coding with spreading via low rate codes to maximize the coding gain
· UE specific channel interleaver
· SIC receiver
	· Low complexity receiver using SIC
	· Spreading code design
· Design of channel interleaver for multi-UE signal separation at the receiver

	RSMA
	· Uses combination of low rate channel codes and scrambling codes (and optionally different interleavers) with good correlation properties
· SIC based receiver
	· Potential to support grant free transmission of small data
· At low spectral efficiency (SE), RSMA is a good trade-off between performance, scalability and complexity
· Single carrier (SC) RSMA supports asynchronous transmission 
· Link budget gain with SC RSMA
· Self-interference caused by multipath fading channel in case wide bandwidth is utilized for resource allocation in SC based RSMA
· Advanced receiver needed for frequency selective channel
· Needs synchronous multiplexing for OFDM-based RSMA
	· Defining SC based new waveform for asynchronous transmission
· Scrambling sequence and interleaver design for high overloading

	LSSA
	· Bit/symbol level signature multiplexing
· SIC/PIC receiver
	· Linear complexity receiver
· Can support asynchronous UL transmission multiplexing
· Has potential to support high number of connections
	· Signature design to support large overloading factor

	GOCA
	· Orthogonal sequences in a group and non-orthogonal sequences for different groups
· SIC receiver
	· Significant MUI reduction by orthogonal sequences in the same group
· Can support high overloading due to better MUI suppression
	· Handling of error propagation problem in SIC receiver
· Orthogonal sequence design for increased overloading



Interleave-based NOMA
NOMA schemes in this category include repetition division multiple access (RDMA) [12], interleave division multiple access (IDMA) [13] and interleave-grid multiple access (IGMA) [14]. These techniques are summarized in the following table.
Table 2 Summary of Interleave-based NOMA
	Scheme
	Transmit & Receive features
	Pros and Cons
	Challenges

	IGMA
	· Flexibility to choose bit level interleavers and/or grid mapping pattern to separate users
· Symbol level interleaver
· Elementary signal estimator (ESE) at the receiver
· Maximum a posteriori (MAP) and message parsing algorithm (MPA) detectors are also applicable
	· Scalability to support different connection densities
· More robustness to frequency selective fading and inter-cell interference due to symbol-level interleaver as compared to resource mapping using code-matrices/ codebooks
· Low complexity MUD using ESE
· Flexibility to improve detection performance using MPA/MAP 
	· Design of interleavers and grid mapping patterns to support higher number of connections 

	IDMA
	· low rate coding and user-specific bit-level interleavers to separate UEs
· ESE at the receiver
· Iterative detections between ESE and channel decoder
	· Strong robustness against asynchronicity and tolerance upon users’ overloading
· Simple and effective receiver
· Exploits frequency diversity due to wider frequency allocation size
· Suffers less from ICI from adjacent users
· High detection and decoding complexity due to iterative detections between ESE and channel decoder
	· Avoidance of interleaver pattern collision
· Impact of non-ideal channel estimation on iterative detection

	RDMA
	· Cyclic-shift repetition to separate different users’ signals
· SIC receiver
	· Simple transmitter because no scrambler or random interleave is required 
· Good trade-off between receiver complexity and performance
	· Absolute value of position in repetition pattern should be as small as possible to utilize diversity better



Similar to challenging code book design, interleaver pattern design and collision avoidance is a challenging task and the evaluation of NOMA schemes must consider overloading factor that can be supported without significant performance degradation.
Power domain NOMA
Power domain NOMA does not rely on the knowledge of instantaneous CSI of frequency-selective fading. Thus, a robust performance gain in wide area deployments can be expected irrespective of UE mobility or CSI feedback latency. On the other hand, this scheme relies on channel difference for user differentiation and, therefore, may not be suitable in small cells wherein location distribution of users is concentrated. In grant-based transmission, scheduling flexibility is limited using power domain NOMA, especially with increased number of users, due to constraints on channel condition difference the paired users shall have to achieve good detection and demodulation performance. This scheme is also considered unsuitable for small packet transmission [2] that is a typical characteristic of mMTC. It is also not feasible for use in scenarios with channel and interference uncertainties, e.g., in grant-free UL transmission.
However, NOMA with user grouping i.e. NOMA combined with multi-level average received powers and/or signature grouping can provide performance enhancement [16].
At the receiver, low complexity receiver based on SIC is used for multi-user detection (MUD). Therefore, error propagation problem may be a difficult challenge to overcome in SIC receiver based power domain NOMA when overloading factor increases.
Observation 7: Power domain NOMA can provide robust performance gain in wide area deployment.
Observation 8:  Power domain NOMA may not be suitable for grant-free UL transmission, small packet transmission with high reliability requirement, and when location distribution of users is concentrated. 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion
From the discussion, we have the following observations. 
Observation 1: Standardization impact of UE signature (code/interleaver/mapping pattern) design for NOMA schemes must be considered when evaluating NOMA for use in NR.
Code-domain NOMA:
Observation 2: Short length user signature design helps reduce decoding complexity and latency. 
Observation 3: Trade-off among signature length, overloading factor, decoder complexity and latency must be investigated considering flexible bandwidth allocation.
Observation 4: Feasibility of SIC receiver must be evaluated considering practical deployment conditions (including operating SNR, channel fading, user location etc.) and performance targets (BLER, connection density and latency) for each usage scenario.
Observation 5: Sparse signature design with MPA is a potential solution for high reliability grant-free transmission in URLLC and higher capacity in grant-free/grant-based transmission in eMBB.
Observation 6: Backward compatibility of the receiver architecture must be considered for NOMA evaluation.
Power-domain NOMA:
Observation 7: Power domain NOMA can provide robust performance gain in wide area deployment.
Observation 8:  Power domain NOMA may not be suitable for grant-free UL transmission, small packet transmission with high reliability requirement, and when location distribution of users is concentrated.
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