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Background
NOMA study item for NR was approved in [1]. The objective of NOMA SI is listed below.
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.
1.2 Receivers for non-orthogonal multiple access: [RAN1, RAN4] 
· MMSE receiver, successive/parallel interference cancellation (SIC/PIC) receiver, joint detection (JD) type receiver, combination of SIC and JD receiver, or other receivers
· The study should consider performance, receiver complexity, etc.
1.3 Procedures related to the non-orthogonal multiple access  [RAN1]
· UL transmission detection
· HARQ, including transmission scheme, feedback scheme, and combining scheme
· Link adaptation MA signature allocation/selection
· Synchronous and asynchronous operation
· Adaptation between orthogonal and non-orthogonal multiple access
1.4 Link and system level performance evaluation or analysis for non-orthogonal multiple access continued from performance metrics identified from Rel-14. The benchmark for comparison is OFDM contention based multiple access. Realistic modelling of Tx/Rx impairment including potential PAPR issue, channel estimation error, power control accuracy, collision, etc. should be considered. [RAN1]
· Traffic model and Deployment scenarios of eMBB (small packet), URLLC and mMTC
· Device power consumption
· Coverage (link budget)
· Latency and signalling overhead 
· BLER reliability, capacity and system load
· Physical abstraction (link-to-system mapping model)

In grant-free NOMA, the code rate and modulation order of each user are not expected to be high. The target is to accommodate more number of users and achieve higher sum spectral efficiency than grant-free orthogonal resource based transmission. A good system design of NOMA needs to consider at least the following three aspects: 1) transmission scheme; 2) receiver implementation; 3) resource configuration.


Transmitter side processing of NOMA
[bookmark: _GoBack]Transmission scheme is important to make non-orthogonal transmission more feasible. Transmitter side processing of grant-free NOMA is mainly to set the per-UE spectral efficiency to appropriate level, while introducing good characteristics of transmit signals to facilitate multi-user detection at the receiver side. There are different ways to adjust the per-UE spectral efficiency and to distinguish different UEs, e.g., multiple access (MA) signatures. MA signatures can be spreading sequence/code, interleaver/scrambler pattern, or even preamble, demodulation reference signal. They may be operated at modulation symbol level, or at coded bit level or at both. In Figure 1, we show a general structure of transmitter side for NOMA schemes which may involve channel coding with UE-specific interleaver/scrambling, UE-specific bit-to-symbol mapping, or UE-specific spreading. In addition, multi-layer transmission per user is optional, where high per-user spectral efficiency may be achieved by using layer-specific MA signatures.
[image: ]
[bookmark: _Ref498612146]Figure 1 General structure of transmitter side for non-orthogonal multiple access schemes.
1) Symbol-level linear spreading 
Some of the NOMA schemes use low cross-correlation spreading sequences (including full spreading and sparse spreading) as the MA signature, which can be classified as symbol-level linear spreading family. The typical transmitter side processing is illustrated in Figure 2, where other processing blocks such as bit-level scrambling or interleaving is optional. In some schemes [4], the code rate of channel encoder can be very low to maximize the coding gain. Repetition of data bits can be performed after channel encoding. 
[image: ]
[bookmark: _Ref503445930]Figure 2 Transmitter processing of symbol level linear-spreading schemes
The key design of symbol-level linear spreading is on the spreading sequences. Some examples of the spreading sequences are listed as follows:
· QAM sequences
Elements of spreading sequences are complex values which follow the QAM constellations. Examples of QPSK and 9-QAM constellations are illustrated in Figure 3 [3]. With spreading factor = L, the total numbers of available sequences are 4L and 9L, respectively. Usually a subset of sequences should be identified in order to make the allocation and detection of sequence manageable. The selection of sequences should be based on the cross-correlation property, e.g. joint design of constellation and Welch-bound can be considered.
[image: ]
(a) 9-QAM                                              (b) QPSK
[bookmark: _Ref506070068]Figure 3 Constellation of complex-valued spreading sequence.
· WBE/Grassmannian sequences
Since the cross-correlation among spreading sequences is important for the design of NOMA schemes with symbol-level linear spreading, it is desirable to design the sequences to meet Welch bounds with equality (WBE) in order to minimize the inter-user-interferences, i.e.  , where L is the spreading factor and K is the number of sequences. 
A stricter Welch-bound equality is to minimize the maximum value of cross-correlations between any two sequences, i.e.  . It can be derived that this equality is satisfied if and only if all the cross-correlation between any two sequences are identical for every choice of i and j. Grassmannian code is deisnged to meet the strict Welch-bound [5]. Theoretically, using stricter WBE sequences is beneficial for the control of inter-user interferences, especially in AWGN channels. However, further study is needed to see whether this benefit can still be applied under the fading channel or when the power control is not precise.
As mentioned, joint design of WBE and QAM constellations can be considered to simplify the implementation and signaling of sequences. In addition, joint design of WBE sequences and user grouping can also be considered to facilitate SIC operation when there is near-far effect among UEs .
· LTE ZC like sequences
LTE ZC like sequence is defined as , where L is the length of the spreading sequences, u and v are the indexes of root sequence and cyclic shifts respectively [6]. Large pool size of sequences can be achieved by adopting different non-orthogonal root sequences and cyclic shifts. The cross-correlations are 0 among sequences with the same root and different cyclic shifts, and 1/L among different root sequences. Usually the elements of ZC like sequences also follow certain QAM constellations.
· Scrambling sequences
Scrambling on top of symbol-level repetitions [7] can be considered as a special case of symbol-level spreading with complex-valued elements: the spreading sequence of a user changes for each modulation symbol, following a known pattern. In addition, for BPSK and QPSK modulation, symbol-level scrambling and bit-level scrambling have similar effect in terms of randomization of interferences.
· Sparse code spreading
Another way to alleviate the inter-user interferences is to use sparse code spreading, where the elements of spreading sequences are picked from [0, 1].
· Equal weighted [8]: the number of zeros is equal to that of ones. The total number of sequences is  for a given spreading factor L.
· Unequal weighted [9]: the number of zeros and ones are flexible. The maximum number of sequences is  for a given spreading factor L.

The typical receiver of symbol-level linear spreading is MMSE-SIC. The basic procedure of MMSE-SIC receiver can be found in [2], where joint equalization and de-spreading is performed by using MMSE, and the users are decoded in serial. It should be noted that to balance the performance and processing delay, the SIC process can be refined such as by applying more loops of SIC, or enabling parallel decoding of multiple user streams in each decoding attempt. More details and its enhanced version can be found in [3]. 
2) Bit-level scrambling/interleaving 
Some of the NOMA schemes use bit-level scrambler or interleaver as the MA signature to randomize the inter-user-interferences [10]. The design principle is to randomize the inter-user interference via bit-level repetition and random permutation or scrambling, in order to rely more on channel coding to separate users. Low code rate encoder or repetition of data bits are usually adopted before the interleaving or scrambling processing. The typical transmitter side processing is illustrated in Figure 4, where other processing blocks such as symbol-level spreading are optional. 
[image: ]
[bookmark: _Ref506121035]Figure 4 Transmitter processing of bit-level scrambling/interleaving schemes
Elementary signal estimator (ESE) with soft-input-soft-output (SISO) decoder is the typical receiver of scrambling/interleaving family.
3) Symbol-level non-linear spreading 
Some other NOMA schemes use joint modulation and spreading as the MA signature to achieve the coding gain and shaping gain, which can be classified as nonlinear spreading family [8]. The typical transmitter side processing is illustrated in Figure 5. An example of multi-dimensional modulation can be found in Figure 6, where the modulation constellations between two tones (non-zero entries of the spreading sequence) are different.
Iterative ML-type non-linear receiver is typically used for the non-linear spreading based schemes, e.g. message passing algorithm (MPA) or expectation propagation algorithm (EPA).
[image: ]
[bookmark: _Ref506312319]Figure 5 Transmitter processing of symbol-level non-liner spreading family
[image: ]
[bookmark: _Ref506122084]Figure 6 An example of multi-dimensional constellation for non-linear spreading
4) Resource mapping of data 
Additional processing at symbol-level can be UE-specific resource mapping, which includes both data part and reference signal (RS). For the data part, for example symbol-level permutation [11][12] or transformation and concatenation [13] after repetition or spreading could be involved to further randomize the interferences.
5) Preamble/RS mapping
For the reference signal mapping, more considerations regarding the grant-free transmission should be taken into account, e.g. pre-configured or randomly selected, or pre-defined mapping rule between RS and other MA signatures [14]. The preamble/RS sequence design itself can also impact the mapping rule, for instance, the numerology of RS could be different from data part, the overhead could be different considering the overloading, and even there could be data-only structure [3], e.g. no need to allocate RS resources.

Conclusion
In this contribution, we provided some considerations on the transmitter side processing schemes for NOMA study. Block-wise analysis is used to identify the scheme families.
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