3GPP TSG RAN WG1 Meeting #94                                            R1-1808761
Gothenburg, Sweden, Aug. 20th– 24th, 2018
Agenda Item:		    7.2.1.2
Source:			Samsung
Title:		   Receivers for NoMA
Document for:		Discussion and Decision
Introduction
In RAN #75 meeting, the study item on non-orthogonal multiple access for NR has been approved [1].
This study will further progress on the evaluation of non-orthogonal multiple access schemes focusing on uplink, and provide recommendation on the non-orthogonal multiple access scheme(s) to be specified later. 
Agreements, observations and evaluation assumption in Rel-14 study shall be the starting point. The detailed objectives are to study the following:
1 non-orthogonal multiple transmission scheme
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)
Note: targeting common solution for mMTC, URLLC and eMBB small packet.
In this contribution, the receivers for NoMA schemes are discussed.
This contribution is an update of R1-1806752.
Discussion on receiver type for NoMA schemes 
For NoMA schemes, receivers have large impacts on overall detection performance. The multi-user interference caused by the super-positioned transmission is required to be canceled by advanced receiver. Here several types of receivers are discussed. Generally two types of advanced receivers can be applied, namely parallel interference cancelation (PIC) and serial interference cancelation (SIC).
 Parallel interference cancelation (PIC) detectors
As for PIC, iterative detection and decoding scheme is usually used and its basic structure is demonstrated in Fig. 1.


Fig. 1. Basic structure of iterative detection and decoding (PIC)
In Fig. 1, the multi-user detector and decoders exchanges information on decoded bits to improve the detection performance. The complexity is mainly casued by the multi-user detector. Here two types of detectors are introduced.
 Maximum a posterior Probability (MAP) detector
This type of detectors tries to maximize the a posterior probability of received symbols, which leads to near-optimal performance. By assuming low correlation between adjacent REs and Gaussian noise, the MAP receiving algorithm can be simplified to chip-by-chip receiver. NoMA schemes with bit/symbol-level interleaver or scrambler can reduce the correlation between REs and can facilitate the chip-by-chip MAP receivers. Although MAP receiver has theoretically best performance, the complexity is also considerable. This is caused by the fact that the MAP receiver will calculate the distance between received signal and all the possible combinations of transmitted symbols from all UEs. For example, if QPSK is used for a 6-UE case, the number of all potential combinations of transmitted symbols is . As can be observed, the complexity of MAP algorithm is proportional to , where Q denotes modulation order and K denotes number of UEs. 
For NoMA schemes with sparse mappings, since the number of UEs super-positioned on the same REs will be reduced, the complexity of applying MAP receiver can be reduced with nearly the same detection performance. For example, if sparse mapping with density 0.5 is used for 6-UE case with QPSK, the number of possible combinations of transmitted symbols is , which is reduced significantly. This means that for sparse mapping based NoMA schemes, MAP-based detector can be applied to enhance the detection performance with some level of increased complexity.
Observation 1: the sparsity can provide significantly complexity reduction to Chip-by-Chip MAP receivers.
Another similar detection algorithm is message-passing algorithm (MPA), which is used for codebook-based NoMA schemes, e.g. SCMA and PDMA. MPA is also a near-optimal receiver. However, since calculation of distance between received signal and all possible combinations of codewords from all UEs, the detection complexity is still proportional to the exponential of number of UEs.
 Elementary Symbol Estimator (ESE)
One possible way to reduce the detection complexity is ESE. Unlike chip-by-chip MAP which detects symbols from all UEs at the same times, to decode symbols for one UE, ESE treats signals from other UEs as noise by using central limit theorem. With the aid of Gaussian noise assumption, the ESE detection for one UE is simplified. With the iterative detection and decoding, channel decoding can help improve the detection reliability and the overall performance can be improved. 
From descriptions above, we can observe that ESE detector can be regarded as single-user detector with Gaussian assumption. Only the estimation and calculation of mean and variance of interferences will cause additional operations. As a result, the detection complexity is much lower compared with chip-by-chip MAP detector. The complexity of ESE is proportional to the number of UEs and the modulation order. 
It has been widely understood that the performance of ESE detector can approach that of MAP receiver at low coding rate region, that is to say, ESE is very suitable for low coding rate based NOMA schemes. 
For enhanced ESE (e-ESE), the performance can be further enhanced by combining the received signal from multiple received antennas. It is beneficial especially for the multi-antenna receivers. The detailed information for e-ESE can be found in Appendix. 
Observation 2: ESE detector with low complexity can approach the performance of MPA detector at low coding rate region, and could be the good candidate detector for low coding rate based NOMA schemes.
The detailed descriptions for ESE and chip-by-chip MAP detector can be found in Appendix.
 Serial interference cancelation (SIC) detectors
Besides PIC detectors, NOMA can use SIC receiver as well, whose basic structure is depicted in Fig. 2.


Fig. 2. Basic receiver structure of SIC.
MMSE-SIC is a conventional low complexity detection method which may achieve near-optimal performance in some suitable cases. Unlike above detection schemes, MMSE-SIC perform serial interference cancelation, which means that the detection is performed UE by UE. The MMSE detection is used for every single UE’s detection, which follows channel decoding. If the decoded data passes CRC, the corresponding signals are re-constructed and subtracted from the received signal, which will increase the SINR of signals from other UEs. 
If the decoded data and the re-constructed signal are accurate enough, the residual interference is small and the SINRs of other UEs can be enhanced. Under this assumption, the performance of MMSE-SIC can approach that of MAP detectors. However, the well-known error propagation would be the major concern of this receiver type, due to the inaccuracy of reconstructed interference signals in practice. the accuracy of channel estimation may significantly affect the detection, since both initial detection and signal re-construction rely on the estimated channel. As a result, under real channel estimation, the loss of SIC detector may be relatively larger. Meanwhile, for large number of UEs, the cancellation among various UEs would suffer a lot from error propagation.
Hence, for SIC type detectors, the detection order is very important to the performance. Power differentiation among different UEs or channel ordering can benefit the detection performance in terms of both reliability (BLER) and complexity. 
Observation 3: MMSE-SIC is also a low complexity detector capable for NOMA multi-user detection, but error propagation may limit the performance in practice, especially for large number of multiplexed user.
Proposal: Both complexity and BLER performance should be considered when study the receivers for NoMA.
Complexity analysis
In this section, we discuss the complexity of various types of receivers for NoMA. Considering that the actual number of operations highly depends on the implementation and in this SI, RAN4 is not involved, high-level study on complexity order is used here.
For simplicity, we define parameters for the complexity analysis as follows. Define Q as modulation order, K as the number of UEs, Nr as the number of receiver antennas, L as the spreading factor, and J as the number of UEs that occupying the same resources. Note that for NoMA schemes with sparse mapping, the number of UEs occupying the same resources is smaller than the number of UEs, which can contribute to the complexity reduction.
Here the analysis of different types of NoMA receivers is given as follows.
[bookmark: _GoBack]For the chip-by-chip MAP detector, the main complexity comes from the calculation of distance between the received signal and the possible transmitted symbols. For each chip, the number of possible transmitted symbols from J UEs is computed as. As a result, to calculate the distance between received signal and all the possible transmitted symbols, the complexity is on the order of. 
Compared with chip-by-chip MAP detector, the complexity of MPA detector, which is used in SCMA/PDMA, could be slightly higher, since besides the distance calculation, inner iterations between check node and variable node are also required. However, considering that these inner iterations mainly consist of simply operations such as comparison, addition, and etc., the complexity of chip-by-chip MAP and MPA detector can be regarded as comparable.
For enhanced-ESE, for each UE, the received signals from multiple antennas are combined before subsequent operations, which lead to complexity with the order of. For the ESE procedure of each UE, the complexity mainly comes from the calculation of mean and variance of approximated Gaussian variable, as well as the calculation of LLR. For e-ESE, the mean and variance should be computed for each UE and the ESE procedure after the received signal combining can be expressed as. The overall complexity of e-ESE is on the order of.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]For block-wise MMSE detector, the calculation of weighting vector contributes most to the overall complexity. When considering the spreading vector, the block-wise MMSE detector has the complexity with the order of. For large Nr and L, the detection complexity is also high.
Table I shows the brief summary of above complexity analysis of different types of receivers.
Table I. Complexity orders of different types of detectors.
	Receiver type
	Overall Complexity order

	Chip-by-chip MAP
	

	Enhanced-ESE
	

	MMSE-SIC (block-wise)
	



As analysis above, we can observe that MAP type receiver has the highest complexity, which is exponential with UE number. Enhanced-ESE has relatively low complexity which is linear with UE number. For block-wise MMSE, although its complexity is irrelative with UE number, the complexity is still high for large  and L.
[bookmark: OLE_LINK7]In addition to the complexity of detectors, other factors should also be considered for the overall receiver complexity. For example, those factors can include the number of LDPC decoders used for one outer iteration, the number of outer iterations, the complexity introduced by interleaver/scrambler, and etc. However, the actual complexity is highly depended on the actual implementation. Here only rough analyses on these factors are discussed.
Number of LDPC decoders within one iteration: Generally speaking, more LDPC decoders will be used for PIC-type receivers compared with SIC-type receivers, based on previous analysis, the number of decoders for PIC receiver could be equal to the UE numbers. On the contrary, only one LDPC decoder might be sufficient for SIC-type receiver, due to the fact that the signal detection for different UEs can reuse the same detector and decoder.
Number of outer iterations: For PIC receivers, normally a fixed number of outer iterations can be used and the actual number is determined by the detectors. For MAP receiver, 3 outer iterations are enough, while for ESE receiver, larger iterations, for example, 5 iterations should be used. For SIC receivers, the number of the cancelation process should be at least equal to the UE number, which could be easily larger than PIC receivers.
Additional complexity: For interleaver, the additional complexity is negligible compared with detector and decoder, since only swap operation is required. For scrambler, the introduced complexity could be a bit higher but still small. 
Delay: As analyzed above, the delay of SIC receiver is naturally expected to be larger compared with that of PIC receiver, since usually more outer iterations are required.
Although we can get rough results for complexity analysis, the accurate complexity analysis cannot be obtained due to the lack of expertise, especially for the analysis on memory and delay. 
Observation 4: The overall complexity analysis needs more expertise from implementation.
Proposal 2: High-level study on complexity order in RAN1 is preferred.
Conclusion
In this contribution, we discussed receiver types for NoMA schemes, and following observations and proposal are presented:
Observation 1: the sparsity can provide significantly complexity reduction to Chip-by-Chip MAP receivers.
Observation 2: ESE detector with low complexity can approach the performance of MPA detector at low coding rate region, and could be the good candidate detector for low coding rate based NOMA schemes.
Observation 3: MMSE-SIC is also a low complexity detector capable for NOMA multi-user detection, but error propagation may limit the performance in practice, especially for large number of multiplexed user.
Observation 4: The overall complexity analysis needs more expertise from implementation.
Proposal 1: Both complexity and BLER performance should be considered when study the receivers for NoMA.
Proposal 2: High-level study on complexity order in RAN1 is preferred.
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Appendix
A.1 Detailed description for ESE and chip-by-chip MAP detector
A.1.1 ESE detector
Assume on the n-th RE, the received signal is the combination of all users’ signals plus the noise:
       	
in which  is the bit (chip) index and  is the kth user’s equivalent frequency domain channel coefficient, which considers the OFDM demodulation procedure. When processing kth UE’s data, i.e.,, the receiver will treat others’ signals as interference. Thus, the overall interference plus noise is denoted by:
 	                                 (2)
where

where  denotes the set contains all the UEs superposed on the n-th chip according to the grid-mapping pattern.
Based on the central limit theorem (CLT), is approximated as a Gaussian variable, in which the obtained mean and varianceare given as: 
,                             (4)
             ,                         (5)
Furthermore, based on (4) and (5), the conditional Gaussian probability density function of is derived based on 
.               (6)
Based on (6), the extrinsic LLR for UE k can be calculated.

For the case with multiple received antennas, to improve the performance, one way is directly combine extrinsic LLR based on (6). As an alternative, the enhanced ESE (e-ESE) combines the received signals and then processes the combined signal based on previous procedures.
For receiver with  antennas, the received signals can be written by following vector form.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]       	
where , and  is the channel coefficient between the k-th UE and the r-th received antenna. For the k-th UE, the combined received signal is 
       	
where  is the weighting vector for the k-th UE. Potential ways for calculating  are:
1. , which is corresponding to MRC.
2. , which is corresponding to MMSE.
After the combining, the combined signal  and the equivalent channel coefficient  is used for subsequent ESE processing. 

A.1.2 Chip-by-chip MAP detector
The probability density function of  conditioned on the  is calculated as

                             (7)
where the summation condition  denotes all the possible combinations of  with , taking the grid-mapping pattern into considerations. 
For IGMA, the LLR for the k-th UE is calculated as
                                  (8)
By using max-log-MAP approximation, the computational complexity of (8) can be further reduced.
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