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Introduction
In RAN1 #84b, it was agreed that non-orthogonal multiple access (NOMA) schemes should be investigated [1].  In 3GPP Plenary #78, NOMA was agreed as a study item for NR Rel-15, and more specifically that uplink (UL) NOMA should be studied for both grant-based and grant-free transmissions with possible use cases in eMBB, URLLC and mMTC [2-4]. To combat the interference between non-orthogonal transmissions, transmitter side schemes such as spreading and interleaving [5-15] are employed to improve the performance and reduce the complexity of advanced receivers.

In this contribution, we provide a general framework for NOMA UL signal processing and transmission, with a focus on linear hybrid spreading schemes. Linear hybrid spreading can be applied to both CP-OFDM and DFT-s-OFDM waveform, which facilitates scalable operation and transceiver complexity reduction. As a way forward, we propose the study and standardization of NOMA UL transmission should consider the best trade-off among the design objectives of BLER performance, scalability, flexibility, PAPR and complexity.

The procedures related to NOMA, details for link and system level evaluations, and receiver design are discussed in companion proposals [16-18].
UL NOMA Based on Linear Hybrid Spreading
Overview
In NOMA UL transmission, multiple UEs share the same time/frequency resources via non-orthogonal resource allocation. The NOMA operation can take different modes. To illustrate, Table 1 summarizes the use cases and features of different operation modes of NOMA.
Table 1: Use Cases and Features Supported by Different Operation Modes of NOMA
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In terms of UL data transmission, Figure 1 shows a unified framework for NOMA based on UE-specific spreading/scrambling/interleaving. For data transmission based on UE-specific spreading, existing solutions can be classified into two categories:
· linear spreading
· nonlinear spreading
The category of linear spreading includes solutions such as RSMA, MUSA, WSMA, NCMA and GOCA [5-9], while the category of nonlinear spreading includes SCMA [10]. Linear spreading can be applied to both DFT-s-OFDM waveform (Figure 1, upper branch) and CP-OFDM waveform (Figure 1, lower branch). Unfortunately, nonlinear spreading solution such as SCMA does not support DFT-s-OFDM. 

On the other hand, although receiver implementation is viewed as standard transparent in orthogonal multiple access systems, the successful deployment of NOMA depends heavily on advanced receivers with inter-UE interference cancellation capabilities [15]. Therefore, we propose the following:

Proposal 1:  The standardization of NOMA UL transmission should consider the best trade-off among the following design objectives: 
· performance
· BLER vs SNR vs per UE spectral efficiency
· scalability
· easy adaptation of spreading codes configuration to accommodate N NOMA UEs with spreading factor K, where N and K can be configured dynamically
· complexity
· transmitter side and receiver side processing, including computation and memory requirements for successful data decoding
· flexibility
· joint support of DFT-s-OFDM waveform and CP-OFDM waveform 
· PAPR and ACLR
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Figure 1: General Framework for NOMA UL Transmission


Linear Hybrid Spreading
Figure 2 shows the NOMA UL transmission blocks based on linear hybrid spreading. Specifically, 
· The assignment of linear spreading codes is UE specific, which carries the multiple access signature.
· The assignment of scrambling sequence can be UE or cell specific.  
· Same or different set of spreading codes and scrambling sequences can be employed for CP-OFDM and DFT-s-OFDM waveform.
· To randomize the inter-UE interference and maximize the reuse of NOMA resources, the mapping of spreading code and scrambling sequence can be made symbol dependent. 
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Figure 2: Linear Hybrid Spreading for NOMA UL Transmission

Compared with nonlinear spreading scheme [10], our simulations indicated that solutions based on linear hybrid spreading exhibit similar BLER and significantly better performance in scalability, complexity, PAPR, and flexibility [15-18]. Considering these advantages, we propose the following:
Proposal 2: NR NOMA SI needs to consider linear hybrid spreading as the UL transmission scheme. 
Within the category of linear hybrid spreading, the design of spreading codes/scrambling sequences can be different in one or multiple aspects, including: 
· the length of spreading code can be relatively short or long;
· the codebook construction can be fixed or scalable;
· whether or not to combine UE-specific spreading with symbol scrambling.

In the following, we discuss three typical options of linear hybrid spreading.

Long Spreading Code
The use of long spreading codes can obtain a large codebook with good auto-correlation and low cross correlation properties. As a result, it is suitable for grant-free NOMA and is robust against transceiver synchronization errors and timing uncertainties associated with asynchronous transmission. The large processing gain of long spreading codes is also beneficial for inter-UE interference suppression. Therefore, it is a natural selection for grant-free, asynchronous (free of timing advance) transmission. To improve the spectral efficiency, multi-layer transmission can be used, either stand alone or in combination with spatial multiplexing schemes (in the presence of multiple TX antennas).
Short Spreading Code
Compared to long spreading codes, short spreading codes entail smaller spreading factor and higher spectral efficiency. The short spreading codes can be optimized to achieve the Welch bound on cross-correlations, which  can be leveraged for multi-user detection (MUD) and inter-UE interference cancellation for synchronized reception. Besides, it can be easily combined with spatial precoding to further mitigate the cross correlation and enhance the NOMA capacity.
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Figure 3: Cross-correlation Behavior of RSMA Short Codes
The design of short spreading codes needs to be optimized. For example, the criteria of optimization can be the minimum sum squared cross correlation or the maximum pairwise cross correlation of the entire codebook [19]. To illustrate, Figure 3(a) and 3(b) show the cross correlation behaviors of the short code candidates [6-8] against the corresponding Welch bound on sum squared and pairwise cross correlation [19], respectively.  For the three candidates under study, only the codebook of size 6 by 4 is available (K=4, N=6), which corresponds to an overloading ratio of 1.5. 
For a comprehensive study of codebook optimization for linear spreading codes, a wider range of N and K values should be considered. For example, the configurations in Table 2 can be studied, wherein the first row shows the values taken by K and the second row indicates the range of N. 
Table 2: Suggested Configurations for NOMA Codebook Design for Linear Spreading
	Value of K
	4
	6
	7
	12
	14

	Range of N
	[5, 12]
	[8, 18]
	[9, 21]
	[15, 36]
	[18, 42]



[bookmark: _GoBack]Therefore, we propose the following:
Proposal 3: The design, evaluation and optimization of linear spreading codebook needs to consider a comprehensive set of overloading configurations for (K, N), where K denotes the spreading factor and N denotes the codebook size.  

Long Scrambling Sequence
The use of long scrambling sequence is helpful in PAPR reduction, as shown in Section 3 of this paper. Besides, the use of different scrambling sequences across adjacent cells can reduce the inter-cell interference. Both features are desirable for link budget and system capacity enhancement.

Options of Linear Hybrid Spreading Schemes
Depending on the use cases for NOMA UL, the following options can be considered:
· Use of short spreading code only
· Use of long spreading code only
· Joint use of short/long spreading code and long scrambling sequence

Proposal 4:  Depending on the use cases of NOMA UL transmission, the following options of linear hybrid spreading need to be considered:
· Option A
Apply UE-specific short spreading code only, wherein the configuration of spreading code can be made symbol-dependent;
· Option B
Apply UE-specific long spreading code only, wherein the configuration of spreading code can be made symbol-dependent;
· Option C
Joint use of UE-specific short spreading code and cell-specific long scrambling sequence, wherein the configuration of spreading code and/or scrambling sequence can be made symbol-dependent.

Transmit-Side Considerations
As mentioned earlier, it is important to consider the PAPR performance in the transmitter side implementation. For instance, a lower PAPR can lead to more power efficient transmissions at reduced processing complexity. In this section, we illustrate this by comparing the PAPR performance of linear spreading with and without symbol-wise scrambling for WSMA, NCMA, and MUSA schemes. The data modulation used for all examples shown in this paper is QPSK. The BLER performance of the linear hybrid spreading schemes, their receiver algorithms and complexity analysis can be found in a companion paper [17].
PAPR of DFT-s-OFDM Waveform for Linear Hybrid Spreading
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[bookmark: _Hlk506449750]Figure 4: PAPR Reduction by Symbol Scrambling, DFT-s-OFDM, 6 RB

PAPR of CP-OFDM Waveform for Linear Hybrid Spreading
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Figure 5: PAPR Reduction by Symbol Scrambling, CP-OFDM, 6 RB
It can be observed from Figures 4-5 that for both DFT-s-OFDM and CP-OFDM waveforms, symbol-wise scrambling can significantly reduce the PAPR of linear spreading schemes such as WSMA, NCMA and MUSA [6-8]. To summarize, we have the following observation:
[bookmark: _Hlk506503505]Observation: The design of linear spreading scheme for NOMA can consider the inclusion of symbol scrambling to improve the PAPR performance. The PAPR distribution of QPSK can be used as a baseline.

Conclusions
This contribution has provided our views on the UL transmitter side signal processing for NR NOMA. The following proposals and observation have been made:
Proposal 1:  The standardization of NOMA UL transmission should consider the best trade-off among the following design objectives: 
· performance
· BLER vs SNR vs per UE spectral efficiency
· scalability
· easy adaptation of spreading codes configuration to accommodate N NOMA UEs with spreading factor K, where N and K can be configured dynamically
· complexity
· transmitter side and receiver side processing, including computation and memory requirements for successful data decoding
· flexibility
· joint support of DFT-s-OFDM waveform and CP-OFDM waveform 
· PAPR and ACLR
Proposal 2: NR NOMA SI needs to consider linear hybrid spreading as the UL transmission scheme.
Proposal 3: The design, evaluation and optimization of linear spreading codebook needs to consider a comprehensive set of overloading configurations for (K, N), where K denotes the spreading factor and N denotes the codebook size.  
Proposal 4: Depending on the use cases of NOMA UL transmission, the following options of linear hybrid spreading need to be considered:
· Option A
Apply UE-specific short spreading code only, wherein the configuration of spreading code can be made symbol-dependent;
· Option B
Apply UE-specific long spreading code only, wherein the configuration of spreading code can be made symbol-dependent;
· Option C
Joint use of UE-specific short spreading code and cell-specific long scrambling sequence, wherein the configuration of spreading code and/or scrambling sequence can be made symbol-dependent.

Observation: The design of linear spreading scheme for NOMA can consider the inclusion of symbol scrambling to improve the PAPR performance. The PAPR distribution of QPSK can be used as a baseline.
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