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[bookmark: _Ref502226865]Introduction
According to the NOMA WID [4], the SI contains the following receiver design aspects:
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.
This contribution discusses high-level considerations related to NR UL NOMA receiver design at a gNB and reference receiver selection for NOMA evaluation.  

Discussion
General
By the nature of NOMA transmission, multiple signals are received non-orthogonally and the overlapping signals must generally be separated by the receiver prior to decoding. This has similarities with e.g. MU-MIMO signalling if the spatial selectivity of the receiver is insufficient to fully separate the users. But while in the conventional orthogonal access the individual signals are often separable at the receiver with a moderate effort, NOMA signals with overloaded allocation deliberately share resources and incur poor demodulation and decoding quality without express efforts at the receiver to address the cross-correlation. 
Receiver types considered
Linear receivers
Linear receivers, e.g. LMMSE, offer low-complexity demodulation but often yield suboptimal performance due to noise enhancement and insufficient interference suppression ability. Certain linear receivers, e.g. IRC receivers for MU-MIMO signal separation, work best when the transmission setup ensures that inter-user interference is moderate.
SIC receivers
Codeword-level Successive IC (CW-SIC) receivers are known to enable capacity-reaching sum rates over multi-user channels if rate scheduling is done assuming a certain decoding order and the same order is applied at the receiver.
Symbol-level SIC (SLIC) receivers have lower complexity but do not take advantage of the coding gain available from invoking the decoder in the multiple-user detection process. Symbol-level SIC receivers are known to work particularly robustly in practice when large power or MCS differences are present in the received signal set.
JD receivers
Joint detection of multiple UEs’ signals at the symbol level improves demodulation performance due to accounting for, not suppressing, the cross-talk between the users’ signals. However, it amounts to evaluating an exponentially larger-dimensional search space and therefore requires much higher receiver complexity. Reduced-complexity variants of JD exist, e.g. the sphere decoding or SLIC receiver [1].
JD receivers may also be combined with LMMSE and SIC techniques. For example, a small number of dominant users can be JD-detected while the rest are linearly suppressed, then the process is repeated after subtracting the detected users’ signals.
Belief propagation receivers
BP receivers enable codeword-level IC while utilizing common information elements in modulation and coding structures. Turbo-equalizers for multiple users and related receiver architectures for codeword-level processing perform best among the common multi-user receiver structures, but also are generally most complex to implement.
[bookmark: _Ref510794018]Important receiver properties
Below, we discuss some aspects of different receiver types that have strong impact on practical implementation feasibility. Two classifications are considered based on most common receiver architectures; the treatment is not comprehensive to encompass all conceivable receiver types.
Codeword-level vs. symbol-level processing 
One aspect according to which the different receiver architectures can be classified is whether the interference mitigation, e.g. the IC step in a MMSE-SIC receiver, is based on the decoded and regenerated interfering signal or on estimates of the received symbols of the same signal based on the demodulator info only. 
Codeword-level processing has the advantage of utilizing the coding gain inherent in the FEC if successful decoding of the interfering signal is possible. Using the example of an MMSE-SIC receiver, in case of hard IC, the UL receiver demodulates and decodes the currently strongest user, then regenerates the encoded signal and its received version by applying the estimated channel. For a large number of UEs in the UL, the SIC process works only if all previous users have been decoded error-free. Otherwise, error propagation will occur that usually critically affects the detection performance of subsequent users. The effect may be mitigated by soft IC of the previous user, at the cost of higher complexity of the encoded symbol regeneration process.
In the symbol-level IC approach, the regenerated signal for subtraction is created based on the demodulator output only, obviating the need for the re-encoding step and the associated buffering. With proper soft scaling of the interference symbols, error propagation is avoided. Omitting the decoder is known to weaken the performance for long code block lengths, but the effect for short blocks is not expected to be dramatic, especially at high code rates.
[bookmark: _Toc510793907]A CW-level successive IC receiver processing overhead in a gNB is mainly due to re-encoding each detected user and the associated buffering. Symbol-level IC obviates the need for re-encoding, with minor expected performance penalty in short-TBS scenarios.

Joint vs. sequential vs. iterative processing
Another important characteristic of NOMA receivers in this respect is the manner how they account for the presence of multiple user signals. 
· In joint detection (different flavors of symbol-level MAP/ML processing), symbols from multiple users are detected by comparing the received signals against multiple signal references that would have been received under different hypotheses of transmitted signals from the different users. Full JD is complicated by the fact that the symbol hypothesis space grows exponentially with the number of simultaneously handled signals. However, reduced-complexity version exist, like SLIC and sphere decoding.
· Iterative receivers also typically detect/decode multiple (M) signals in parallel, where multiple decoding processes are performed at each iteration and soft information between the processes is exchanged thereafter. This exchange may take the form of soft removal of each decoder’s contribution from other decoders’ inputs. The number of decoding iterations (K) may be large in case of low decoding margins. These receivers fall under the CW-level category. The total processing load is dominated by the MxK soft decoding and re-generation operations.
· Sequential architectures, in contrast, focus on detecting a single signal at a time, which may be strongest or signal or the signal with the highest decoding margin. E.g. in the MMSE-SIC receiver, some previously detected signals may be removed by IC and remaining weaker signals may be suppressed linearly. The total processing load is dominated by M decoding and hard re-generation operations, assuming successful decoding at each stage. The main disadvantage is the need to properly order the detection process, starting with the most robust signal, which is the prerequisite for good practical performance of single-pass sequential receivers. 
An important use case of NOMA is transmission with a configured grant, e.g. SPS (semi-persistent scheduling). In some configurations, the UE may select some of the MCS aspects for the current transmission. Then, the capability of the receiver to perform blind MCS detection also needs to be considered. When signal parameters (modulation, TBS, and/or code rate) are not known, straightforward blind detection approaches may of course, in principle, be applied where the receiver tentatively demodulates and decodes according to a number of predetermined MCS hypotheses and uses the CRC to detect the successful MCS option. However, the complexity of such blind decoding quickly becomes infeasible if it needs to be applied to multiple users’ signals simultaneously. Symbol-level JD composite symbol set now becomes further exponential in the number of modulation options. In iterative receivers, the decoding load which typically dominates the complexity becomes further proportional in the number of TB format hypotheses. 
In sequential receiver types for NOMA, the effect of unknown MCS does and the need to detect it blindly does not differ from performing that task in the conventional single-user context.
[bookmark: _Toc510793908]Sequential receiver structures, detecting one signal at a time, have reduced decoding and signal regeneration complexity compared to iterative receivers.
[bookmark: _Toc510793909]JD and iterative receivers are less suited for NOMA reception in scenarios with unknown MCS, compared to sequential receivers.
NOMA receiver evaluation example
In [2], numerous NOMA schemes and corresponding preferred receiver structures have been presented. Different signature schemes presume different receiver types, and the choice or limitations of receiver complexity affect the performance of the schemes differently. Naturally, schemes that allow lower-complexity detection are preferable. 
In Figure 1 (cf. simulation assumptions in [3], we compare WSMA4 and OMA performance when power control is imperfect and the variation on the long term received power is modelled as uniformly distributed in the interval dB. We can see that even without perfect power control, the WSMA system shows robustness and is still superior to OMA. A likely reason is that the asymmetry in the received power levels can be exploited by the ordered MMSE-SIC receiver and benefit the UEs that dominate the aggregate signal. This hints that, in scenarios where lack of power control may lead to variations in the received power of the overlapping streams, NOMA with an OMMSE-SIC receiver can be favorably compared to OMA since it can turn imperfect power control into an advantage for the system. 
[bookmark: _Ref479260546][image: ]
[bookmark: _Ref479261217]Figure 1: Sum-rate performance of OMA and WSMA4 for a system with QPSK, 2 receive antennas at the gNB and imperfect power control, such that the long-term average SNR is uniformly distributed in the interval  around each target SNR value on the x-axis.

Based on these results, we have the following observation: 
[bookmark: _Toc485122758][bookmark: _Toc485148414][bookmark: _Toc485287952][bookmark: _Toc510793910]Symbol-level MMSE-SIC type of receivers, e.g. OMMSE-SIC, are versatile and robust for WSMA-based NOMA reception.

Practical gNB receiver considerations
In basic multiple access in NR, conventional OMA, users are multiplexed to different resources in the time/frequency grid. In many uplink multiple access scenarios, MU-MIMO will additionally be used to accommodate more users than permitted by time/frequency multiplexing alone. NOMA transmission may then be viewed as a further additional tool for augmenting OMA or MU-MIMO in cases where the spatial degrees of freedom are insufficient. The augmentation takes the form of additional user separation using signature sequences to help JD or other MU receivers work better. MU-MIMO and NOMA will likely be applied in simultaneously but they may be viewed as complementary mechanisms for facilitating overloading.
In the present scope of NOMA, e.g. small-packet UL data transmission to support low-latency services, the technique will be applied to a relatively small fraction of the total BW and in a subset time slots.  Potential capacity increase in those resources due to applying NOMA, compared to the total NW capacity, may therefore be limited. 
If the net capacity or SE gain due to NOMA is moderate, it is not attractive for a practical gNB implementation to include multiple different MU receiver structures. In particular, a an additional high-complexity NOMA receiver architecture is not desirable, given the limited marginal capacity gains. For example, it will not be attractive to implement high-complexity receivers solely for mMTC use cases where the NOMA techniques are often considered. Rather, a common MU receiver architecture is preferred that can be motivated by non-NOMA MU-MIMO configurations as well.
[bookmark: _Toc510793911]A commercial gNB preferably implements a single UL MU receiver architecture for different multiple-access signal demodulation scenarios, including regular MU-MIMO and NOMA.
1. [bookmark: _Toc506507834][bookmark: _Toc510524982][bookmark: _Toc510614863][bookmark: _Toc510699706][bookmark: _Toc510793928]NOMA designs should target receiver architectures that suitable for both MU-MIMO and NOMA reception. 
Given the commercial receiver complexity and processing latency concerns discussed in Sec. 2.3, as well as the need to handle unknown MCS, the sequential receiver mode appears preferable. It may further be preferable to operate NOMA reception at the symbol level instead of the codeword level. Therefore, a preferred outcome of the WI would be to identify a NOMA signature sequence scheme that does not require iterative or joint detection demodulations, while realizing a large fraction of possible NOMA performance gains. 
1. [bookmark: _Toc506507835][bookmark: _Toc506507836][bookmark: _Toc506507837][bookmark: _Toc506408681][bookmark: _Toc506507838][bookmark: _Toc510524983][bookmark: _Toc510614864][bookmark: _Toc510699707][bookmark: _Toc510793929]NOMA signature design should target the lowest possible receiver complexity needed to attain performance gains, while being scalable to a wide variety of MCS states.
Reference receiver selection for NOMA evaluation
The goal of the NR NOMA study item is to investigate a NOMA system solution that performs well in a practical, complexity-limited gNB implementation. To derive useful conclusions and guidelines from the WI, the evaluation should reflect the practically achievable performance. The reference receiver chosen in the WI should therefore be a practically feasible candidate for implementation.
[bookmark: _Toc510793912]NOMA evaluations should be based on receiver structures that are likely to be implemented in gNB products.
MU-MIMO is an established transmission configuration and can be viewed as a special (non-overloaded) case of NOMA. It will therefore serve as a natural baseline for evaluating possible performance gains from NOMA. For a fair comparison, MU-MIMO and NOMA must be compared using the same receiver complexity, as closely as possible. For example, it would be unfair to compare a linear MU-MIMO receiver performance to a SIC or JD receiver performance for NOMA. E.g., if a MMSE-SIC receiver is used for receiving NOMA signals according to a candidate scheme, a receiver with a similar complexity should also be used for the baseline MU-MIMO scheme.
1. [bookmark: _Toc506507839][bookmark: _Toc506507840][bookmark: _Toc510524984][bookmark: _Toc510614865][bookmark: _Toc510699708][bookmark: _Toc510793930]Both OMA and MU-MIMO should be baseline schemes for comparing NOMA performance. Performance evaluation of all schemes should be done at similar receiver complexities.
Conclusions
In this contribution, the following observations and proposals were made: 

Observation 1	A CW-level successive IC receiver processing overhead in a gNB is mainly due to re-encoding each detected user and the associated buffering. Symbol-level IC obviates the need for re-encoding, with minor expected performance penalty in short-TBS scenarios.
Observation 2	Sequential receiver structures, detecting one signal at a time, have reduced decoding and signal regeneration complexity compared to iterative receivers.
Observation 3	JD and iterative receivers are less suited for NOMA reception in scenarios with unknown MCS, compared to sequential receivers.
Observation 4	Symbol-level MMSE-SIC type of receivers, e.g. OMMSE-SIC, are versatile and robust for WSMA-based NOMA reception.
Observation 5	A commercial gNB preferably implements a single UL MU receiver architecture for different multiple-access signal demodulation scenarios, including regular MU-MIMO and NOMA.
Observation 6	NOMA evaluations should be based on receiver structures that are likely to be implemented in gNB products.
[bookmark: _Hlk492593645]
Proposal 1	NOMA designs should target receiver architectures that suitable for both MU-MIMO and NOMA reception.
Proposal 2	NOMA signature design should target the lowest possible receiver complexity needed to attain performance gains, while being scalable to a wide variety of MCS states.
Proposal 3	Both OMA and MU-MIMO should be baseline schemes for comparing NOMA performance. Performance evaluation of all schemes should be done at similar receiver complexities.
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