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Introduction
In RAN1#93 and RAN1#94 [1], it was agreed that the transmitter side signal processing for NOMA UL 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
· 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 
In this contribution, we provide more design details for the spreading codes and scrambling codes employed by multi-layer hybrid resource spreading multiple access (ML-RSMA). The main features of ML-RSMA transmit side processing can be outlined as follows:
· The MA signatures of ML-RSMA are represented jointly by a bit level scrambling code, one or multiple symbol level spreading codes, and a symbol-level scrambling code.
· The spreading codes are based on modified chirp sequences (MCP), which have a closed-form description and achieve WBE for arbitrary overloading ratios and spreading factors. Periodical hopping of MCP sequences can be employed for performance enhancement.
· The scrambling codes of RSMA can be configured as group or cell specific, which reuse the low PAPR sequences compliant with NR Rel-15, which can reduce PAPR and inter-cell interference (as shown in Section 5 of this contribution).
· The same set of short spreading and long scrambling codes can be reused to support both CP-OFDM and DFT-s-OFDM waveforms.
· In order to reduce the impacts on 3GPP specifications, ML-RSMA reuses the bit level processing and legacy modulation compliant with the UL transmit chain of NR Rel-15. 
· The flexible and scalable configuration of spreading codes, scrambling codes, order of legacy modulations and/or multiple-branch transmissions is capable of optimizing the tradeoff among spectral efficiency, overloading capacity and transceiver complexity.
· ML-RSMA can be employed in conjunction with UE grouping and power domain multiplexing to further enhance the overloading capacity and/or spectral efficiency.

This contribution is an updated version of R1-1811243.
Introduction
In NR Rel-15, MU-MIMO has been standardized as an UL solution for concurrent data transmissions. In this SI, NR NOMA has been studied under a similar context as MU-MIMO, wherein the transmitting UEs share the same physical resources in time, frequency and space. Therefore, there are two key questions to be answered:
· How much is the gain of “NR NOMA” relative to MU-MIMO in NR Rel-15?
· Which operation modes and use cases reflect the most significant gain of “NR NOMA”?

In this section, we will provide our views to the questions above.
NR NOMA vs MU-MIMO
When UE is in RRC_CONNECTED state, both MU-MIMO and NOMA are solutions to non-orthogonal multiple access. When UE is in RRC_INACTIVE state, NOMA can still be used for small data transmission, which facilitates signaling overhead reduction and power saving. Therefore, we have the following observations:
[bookmark: _Hlk521679571]Observation 1 
· [bookmark: _Hlk521691570]When the network operates in grant-based mode, transmission schemes proposed for NOMA can be applied to MU-MIMO as well. The gain of NOMA over MU-MIMO in spectral efficiency is questionable, especially for underloading[footnoteRef:2] scenarios. [2:  A discussion for underloading/overloading can be found in Section 2.4 of this contribution.] 

· When the network operates in grant-free mode and the UL access is contention-free, the gain of NOMA over MU-MIMO in spectral efficiency is questionable.
· The most significant gain of NOMA over MU-MIMO can be achieved in the following scenarios:
· contention-based, grant-free transmission
· small data transmission from RRC_INACTIVE state

Use Cases and Operation Modes
As the justification for NR NOMA study, the revised SID [2] stated that:

The benefits of non-orthogonal multiple access, particularly when enabling grant-free transmission, may encompass a variety of use cases or deployment scenarios, including eMBB, URLLC, mMTC etc. In RRC_CONNECTED state, it saves the scheduling request procedure assuming UE is already uplink synchronized. In RRC_INACTIVE state, data can be transmitted even without RACH procedure or with 2-step RACH. The saving of the signaling naturally also saves UE’s power consumption, reduces latency and increases system capacity. Non-orthogonal multiple access can benefit both Uu and side link.
NOMA can operate under different modes and be applied to different use cases. To illustrate, Table 1 summarizes the use cases and characteristics of different operation modes. In particular, the highlighted characteristics in the third column reflect the major benefits of NOMA [4] and the corresponding operation modes/use cases, including:
· Signaling overhead reduction 
· Reduced power consumption and latency
· Flexibility and scalability
· Increased system capacity
[bookmark: _Hlk521679614]Proposal 1:  NR NOMA solutions achieving performance gains over NR Rel-15 MU-MIMO should be prioritized in the study and evaluation.

[bookmark: _Hlk510697041]Table 1: NR NOMA Use Cases and Characteristics Supported by Different Operation Modes
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Synchronized and Asynchronized NOMA
Depending on the arrival time of UL signals, as well as the time alignment methods used by the network, NOMA operation can be classified into synchronized and asynchronized. Take the CP-OFDM waveform as an example and assume the CP length is .  Suppose N NOMA UEs are transmitting within a given TTI, and the arrival time of N UL signals is bounded within an interval , then:
· [bookmark: _Hlk521530276]If ,  the UL transmission is synchronized since the UL waveform of N UEs can be processed by a single FFT/IFFT without ISI.
· If ,  the UL transmission is asynchronized since the UL waveform of N UEs cannot be processed by a single FFT/IFFT without ISI.

To enable UL synchronized NOMA, there are two options for DL synchronized UEs:

a) Four-step RACH 
b) Configuration of long CP 

However, the system overheads and latency for options a) and b) are significant. Option a) relies on sequential signaling exchange between UE and base station, and the timing advance operation introduces large latency and power consumption. In Option b), the use of “long” CP involves the change of waveform numerology in 3GPP specification, when the SCS is different from 60 kHz or the round-trip delay is greater than the length of ECP. Therefore, we have the following proposal:

Proposal 2:  For normal cell coverage and DL synchronized UE, solutions capable of achieving a better tradeoff than 4-step RACH and CP extension in performance, latency and complexity should be studied for asynchronized NOMA. 

According to the agreements on SLS and LLS assumptions [1, 3, 4], a typical deployment considered for NR NOMA is ISD 1732 m, carrier frequency 700 MHz, SCS 15 kHz and normal CP (NCP). As a result, an estimate for the round-trip delay can be given by , which is roughly 1.5 times the length of NCP. Considering the potential use of advanced receivers at base station, the channel structure suitable for two-step RACH should be studied in this SI, wherein the first message (MSG1) carries both MA signature and small packet. Particularly, for the two-step RACH procedure we proposed, MSG1 can be transmitted without timing advance (TA), which facilitates great saving in latency and transmit power. More details on two-step RACH can be found in our companion paper [5], and we have the following proposal for asynchronized NOMA:

Proposal 3: The asynchronized NOMA transmission scheme in normal cell coverage, such as two-step RACH, should be studied, wherein MSG1 carries MA signature and small data, and UE does not need to perform timing advance prior to MSG1 transmission.

Overloading in Grant-based NOMA
A necessary condition for considering the grant-based transmission as NOMA is the overloading of UEs. Specifically, overloading takes place when the number of multiplexed UEs is greater than the available degrees of freedom (DoF). In the context of MU-MIMO and NOMA, we propose the following definition for DoF:
Proposal 4: For grant-based UL transmission, the degree of freedom can be defined as the number of orthogonal physical resource units in time, frequency and space domains, which is measured for a given TTI, a given transmission bandwidth and a given number of transceiver antennas.
To illustrate, assume there are L UEs sharing the same physical resources in time/frequency/space domains, and each UE has one transmit antenna. Besides, assume the base station is equipped with Q receiver antennas, and each UE employs a spreading code of size P in time/frequency domain. In this case, the DoF can be defined as . A distinction between overloading and underloading can be made based on the comparison of L and :
· when , this is an overloaded transmission.
· when , this is an underloaded transmission.

For grant-based and underloaded transmission, the scheduler can consider OMA or MU-MIMO instead of NOMA to simplify the receiver complexity without degradation in UL capacity and spectral efficiency. Therefore, we have the following proposal:
Proposal 5: For UL synchronized transmission in NOMA, TX solutions incapable of UE overloading and/or unsuitable for scalable configuration should be deprioritized and FFS whether they have significant performance gains over OMA or MU-MIMO with the same transceiver complexity.

Multi-Layer Hybrid Resource Spreading Multiple Access (ML-RSMA)
Overview
A general framework for ML-RSMA is shown in Figure 1. The shaded boxes are the transmission modules unique to NOMA. ML-RSMA can be employed in conjunction with power domain multiplexing to further enhance the UE capacity and/or UL spectral efficiency. The use of cell-specific scrambling and/or power control is beneficial in inter-cell interference management. By reusing the same set of short spreading codes and long scrambling codes as MA signatures, ML-RSMA can be applied to both CP-OFDM and DFT-s-OFDM waveforms. The flexible and scalable configuration of spreading factor, scrambling sequence, multiple branches and power levels is capable of optimizing the tradeoff among error performance, sum throughput and transceiver complexity.

To combat the multiple access interference (MAI) in NOMA, channel coding and/or spreading is needed in practical transmission. In general, both channel coding and spreading incur the expansion of spectral bandwidth with respect to Shannon bandwidth [6]. Analyses about the coding-spreading tradeoff have been conducted in [6-7], which reveal that linear random spreading can be used in conjunction with channel coding to achieve the optimal tradeoff between spectral efficiency and receiver complexity. Moreover, linear random spreading codes can be designed to optimize the multiplexing capacity of UL, as shown in [8]. In the following section, we will introduce the design details of ML-RSMA, which supports flexible configuration of spreading factor and code rate. 



[image: ]
Figure 1: General Framework for ML-RSMA


Linear Hybrid Spreading and Scrambling
Figure 2 shows the linear hybrid spreading and scrambling for single layer hybrid RSMA, which can be applied to use cases targeting low to medium spectral efficiency per UE. 

[image: ]
Figure 2: Linear Hybrid Spreading and Scrambling Scheme for Single Layer Transmission

To accommodate use cases targeting medium to high spectral efficiency per UE, the scheme in Figure 2 can be extended to multiple branch transmission, as shown by Figure 3.

[image: ]
Figure 3: Linear Hybrid Spreading and Scrambling Scheme for Multi-Branch Transmission

The configuration of ML-RSMA can be summarized as follows:
· Both spreading (SF>1) and non-spreading (SF=1) can be supported. When SF>1, the assignment of linear spreading codes is UE specific.
· The assignment of scrambling sequence can be cell specific or UE-group specific, wherein the sequence index can be configured as a function of cell ID and/or UE-group ID. 
· The same set of short spreading codes and long scrambling codes can be employed for CP-OFDM and DFT-s-OFDM waveform.
· To randomize the intra-cell/inter-cell interference, the mapping of spreading code and scrambling code can be made symbol dependent and hop in time.
· UE grouping is supported in ML-RSMA, wherein the UE groups can consider different configurations in scrambling codes/transmit power/modulation/code rate/spreading codes/layer-setting.

Compared with SCMA design with modified modulation [9], solutions based on linear hybrid spreading and scrambling exhibit similar or better error performance, less impacts on 3GPP specifications, and significantly better performance in system capacity, scalability, complexity/latency and PAPR. In particular, we will demonstrate in the following that the shaping gain claimed by multi-dimensional bits to symbol mapping (a.k.a modified modulation) is an artifact of inappropriate selection of spreading factor and MCS for legacy modulation.
To illustrate, Fig. 4(a)-(b) show the error performance of four different configurations of MCS and spreading factor in AWGN and fading channels, which include the two examples selected by [9] for 16-point constellations, with and without modified modulation mapping. We can observe from these results that the same spectral and energy efficiencies of multi-dimensional modulation mapping can be achieved by legacy modulations when the MCS and spreading factor are appropriately chosen, which avoids the implementation complexity of modified modulations as well as the vulnerability to channel estimation errors. 

[image: ]
Figure 4(a): BLER vs SNR for Legacy and Modified Modulation Mapping in AWGN Channel

[image: ]
Figure 4(b): BLER vs SNR for Legacy and Modified Modulation Mapping in Fading Channel

Observation 2: Multi-dimensional mapping does not bring any performance gain compared to appropriate MCS selection.
Therefore, we propose the following:
Proposal 6: NR NOMA should re-use linear modulations compliant with NR Rel-15. NR NOMA should consider the use of group or cell-specific scrambling at symbol level, multi-branch transmission and power domain multiplexing to optimize the tradeoff in performance and transceiver complexity.

Short Spreading Code Design in ML-RSMA
To achieve the best trade-off between performance and complexity [6-8], the design of short spreading codes needs to be optimized. Since UE overloading is the goal for grant-based NOMA, it is more meaningful to optimize the codebook against the WB on sum squared cross correlations. 
To minimize the description complexity of WB achieving short spreading codes, we proposed a closed-form formula based on modified chirp sequence (MCP).  The MCP codebook can be proven as a WBE set, which achieves the WB on sum squared correlations for arbitrary K and N satisfying N>K≥2.
Basically, the generation of spreading code can be UE-specific and/or layer-specific.
· Single-Layer Transmission Per UE (Figure 3: M=1)
Assume the spreading factor is K and the number of distinct spreading codes is N. Then the n-th spreading code can be denoted by
.    						     	(1)
One example of closed-form construction would be 
;    					   	         (2)
where  can be chosen as an all-one sequence, or a perfect sequence of period K, that is
	           						            	  	(3)
· Multi-Branch Transmission Per UE (Figure 3: M>1)
For multi-branch transmission, the number of branches (layers) can be different from the spreading factor. Typically, M=2 layers are sufficient to support NOMA use cases with medium to high spectral efficiencies. 
· Periodic Hopping of Spreading Codes
To achieve better performance, each UE can use multiple MCP spreading codes periodically. To illustrate, Figure 4 shows an example for M-branch transmission with MCP hopping periodicity T.
· At time instant , the M symbols  of legacy modulation can use a set of UE-specific MCP codes given by , where  denotes the first time instant that  is used by the UE.
· At another time instant  and , a different set of MCP codes will be used by the same UE, which are given by .
Due to the systematic construction of MCP codebook,  can be considered as a typical hopping periodicity and the hopping pattern of  can be formulated in closed form to minimize description complexity.
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Figure 5: Hopping of Spreading Code in ML-RSMA

Long Scrambling Code Configuration in ML-RSMA
The use of long scrambling code is helpful in PAPR reduction and inter-cell interference mitigation, as shown in the following sub-sections. Specifically,
· The generation of symbol level scrambling code can be UE-group and/or cell specific, wherein the sequence ID of scrambling code is a function of cell ID and UE-group ID and the cell can have one or multiple UE groups.
· The sequences used for scrambling code can down select from Gold sequences, Zadoff-Chu sequences, or a combination of the two, according to 3GPP TS 38.211. 
· When Zadoff-Chu sequence is used for symbol-level scrambling, the root index and cyclic shifts can be optimized to reduce PAPR of CP-OFDM waveform and DFT-s-OFDM waveform.
· The long scrambling code can be used jointly with MCP short spreading codes to reduce PAPR and mitigate inter-cell interference.
PAPR Improvement by Symbol-Level Scrambling
Similar to the design of uplink physical channels in NR Rel-15 and beyond, PAPR is a key performance metric.  In this section, we compare the PAPR performance of linear spreading with and without symbol-level scrambling. Specifically, Chu sequences generated according to 3GPP TS 38.211 are employed for symbol-level scrambling of different PRB size, different legacy modulations and different number of layers.
[image: ]
Figure 6(a): PAPR Performance Improvement by Symbol-Level Scrambling (Single Layer, QPSK, 6 PRB)
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Figure 6(b): PAPR Performance Improvement by Symbol-Level Scrambling (Single Layer, QPSK, 12 PRB)
[image: ]
Figure 6(c):  PAPR Performance Improvement by Symbol-Level Scrambling (Single Layer, 16QAM, 6 PRB)


[image: ]
Figure 6(d): PAPR Performance Improvement by Symbol-Level Scrambling (Two Layer, QPSK, 6 PRB)

It can be observed from Figures 6(a)-(d) that for single or multi-layer transmissions with different modulations and PRB size, symbol-level scrambling can significantly reduce the PAPR of both CP-OFDM and DFT-s-OFDM waveform.

Inter-cell Interference Mitigation by Symbol Level Scrambling
Figure 7 shows the error performance improvement enabled by cell-specific, symbol-level scrambling. In this example, the serving cell has 16 NOMA UEs, and the interfering cell has 4 UEs. Bit level scrambling is employed for UEs in serving cell and interfering cell, and the bit level scrambling sequence is a function of cell ID. The serving cell and the interfering cell employ the same MCP codebook but different scrambling codes. In particular,
· The plot on the left shows the average BLER of the 16 UEs in the serving cell for different strength of inter-cell interference, with and without symbol-level scrambling,
· The plot on the right shows the average BLER of the 4 “most contaminated” UEs in the serving cell, which use exactly the same spreading codes as their interferers in the neighbor cell.

It can be observed from these examples that the use of cell specific scrambling codes can effectively mitigate the inter-cell interference and improve the performance of NOMA UEs in serving cell.

[image: ]
Figure 7: Inter-cell Interference Mitigation by Symbol-level Scrambling

To summarize, we have the following proposals:
Proposal 7:  NOMA transmission scheme should provide flexibility and scalability to support different spectral efficiencies and overloading factors. To reduce the description complexity and memory size of transceivers, it should consider:
· a closed form design for the short spreading codes that achieves Welch bound equality (WBE) for arbitrary spreading factor (K) and overloading ratio (N/K>1);
· a closed from design for the long scrambling codes that is compliant with NR Rel-15;
· reuse the same spreading codes and scrambling codes for both DFT-s-OFDM and CF-OFDM waveforms;
· reuse linear modulations compliant with NR Rel-15 Tx chain.
Proposal 8:   Intra-cell and inter-cell interference in NOMA transmission can be mitigated by UE grouping, power control, symbol-level scrambling, and the hopping of MA signatures. Specifically:
· NOMA UEs within the same cell can be partitioned into multiple groups. Same or different short spreading codes achieving WBE can be applied to each group. Group-specific scrambling and power domain multiplexing can be applied to each UE group, wherein the configuration of scrambling codes can be made as a function of cell ID and UE group ID.

· To average the intra-cell and inter-cell interference, the use of short spreading codes can be hopping in time domain.

Conclusions
This contribution provided our views on the transmission scheme for NR NOMA. The following proposals have been made:
Observation 1 
· When the network operates in grant-based mode, transmission schemes proposed for NOMA can be applied to MU-MIMO as well. The gain of NOMA over MU-MIMO in spectral efficiency is questionable, especially for underloading scenarios.
· When the network operates in grant-free mode and the UL access is contention-free, the gain of NOMA over MU-MIMO in spectral efficiency is questionable.
· The most significant gain of NOMA over MU-MIMO can be achieved in the following scenarios:
· contention-based, grant-free transmission
· small data transmission from RRC_INACTIVE state

Observation 2: Multi-dimensional mapping does not bring any performance gain compared to appropriate MCS selection.
[bookmark: _GoBack]
Proposal 1: NR NOMA solutions achieving performance gains over NR Rel-15 MU-MIMO should be prioritized in the study and evaluation.
Proposal 2:  For normal cell coverage and DL synchronized UE, solutions capable of achieving a better tradeoff than 4-step RACH and CP extension in performance, latency and complexity should be studied for asynchronized NOMA. 

Proposal 3: The asynchronized NOMA transmission scheme in normal cell coverage, such as two-step RACH, should be studied, wherein MSG1 carries MA signature and small data, and UE does not need to perform timing advance prior to MSG1 transmission.

Proposal 4: For grant-based UL transmission, the degree of freedom can be defined as the number of orthogonal physical resource units in time, frequency and space domains, which is measured for a given TTI, a given transmission bandwidth and a given number of transceiver antennas.
Proposal 5: For UL synchronized NOMA transmission, TX solutions incapable of UE overloading and/or unsuitable for scalable configuration should be deprioritized and FFS whether they have significant performance gains over OMA or MU-MIMO with the same transceiver complexity.
Proposal 6: NR NOMA should re-use linear modulations compliant with NR Rel-15. NR NOMA should consider the use of group or cell-specific scrambling at symbol level, multi-branch transmission and power domain multiplexing to optimize the tradeoff in performance and transceiver complexity.
Proposal 7:  NOMA transmission scheme should provide flexibility and scalability to support different spectral efficiencies and overloading factors. To reduce the description complexity and memory size of transceivers, it should consider:
· a closed form design for the short spreading codes that achieves Welch bound equality (WBE) for arbitrary spreading factor (K) and overloading ratio (N/K>1);
· a closed from design for the long scrambling codes that is compliant with NR Rel-15;
· reuse the same spreading codes and scrambling codes for both DFT-s-OFDM and CF-OFDM waveforms;
· reuse linear modulations compliant with NR Rel-15 Tx chain.
Proposal 8:   Intra-cell and inter-cell interference in NOMA transmission can be mitigated by UE grouping, power control, symbol-level scrambling, and the hopping of MA signatures. Specifically:
· NOMA UEs within the same cell can be partitioned into multiple groups. Same or different short spreading codes achieving WBE can be applied to each group. Group-specific scrambling and power domain multiplexing can be applied to each UE group, wherein the configuration of scrambling codes can be made as a function of cell ID and UE group ID.

· To average the intra-cell and inter-cell interference, the use of short spreading codes and long scrambling codes can be hopping in time domain.
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