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Introduction
[bookmark: _Ref473567845][bookmark: _Ref481701068]In RAN1#92bis and RAN1#93, we have reached to agreements on the basic receiver algorithm for NOMA study as shown below [1, 2].
	Agreements: 
Adopt Figure 1 as the general block diagram of multi-user receiver for UL data transmissions.
· The algorithms for the detector block (for data) can be e.g. MMSE, MF, ESE, MAP, MPA, EPA. 
· The interference cancellation can be hard, soft, or hybrid, and can be implemented in serial, parallel, or hybrid.
· Note: the IC block may consist of an input of the received signal for some types of IC implementations
· The interference cancellation block may or may not be used. 
· Note: if not used, an input of interference estimation to the decoder may be required for some cases.
· The input to interference cancellation may come directly from the Detector for some cases
[image: ]
Figure 1 A high-level block diagram of multi-user receiver
Agreements: 
· In performing performance evaluation, companies should provide analysis of receiver complexity. Particularly (with details FFS):
· Detector complexity 
· Decoding complexity
· Interference cancellation complexity, if any
· Number of iteration(s), if any
· Other receiver optimization, if any
· Complexity for the preamble/DMRS detection
· Memory requirements
· Latency
· FFS which simulation cases to be selected for evaluation
· Discuss further next meeting potential template capturing the complexity analysis, especially regarding the level of details in the analysis




In this contribution, we present detailed receiver structure for NOMA with the advanced channel estimation algorithm. We also discuss how the receiver complexity analysis can be performed and provide a proposed methodology for the complexity analysis.
Detailed receiver algorithm for LCRS
In our companion contribution on NOMA transmission scheme [2], we proposed that Low Code Rate Spreading (LCRS) scheme is a promising candidate for NR UL NOMA. In this section, we provide description of receiver structure that can be properly used for LCRS scheme, i.e., MMSE-IC receiver
In this work, it is assumed that the receiver has a prior knowledge on the number of actual transmitted UEs and channel configuration of the corresponding UEs, e.g., UE ID, DMRS configuration, and etc. 

2.1 MMSE IC receiver with baseline channel estimation


[bookmark: _Ref506039585]Figure 1. MMSE-IC receiver algorithm for LCRS with baseline channel estimation
Figure 1 illustrates the general structure for MMSE-IC receiver with baseline channel estimation algorithm, and following steps describe the reception procedure:
Step-1: Channel estimation algorithm is applied for each UE.
Step-2: Receiver creates a set of non-decoded UEs, where i – is an internal index for non-decoded UE. Set the i value to 1.
Step-3: If size of non-decoded UE set is zero or index i exceeds the size of non-decoded UE set, algorithm terminates its operation, otherwise using total received signal - ytotal, the receiver applies MMSE-IRC equalization procedure [3] for the non-decoded transmission from ith user, where interference covariance matrix is calculated according to Figure 2.


[bookmark: _Ref506037978]Figure 2. Receiver equalizer design
where Hesttotal – set of channel estimations for each user, Hesti –channel estimations for ith user, σn – noise power, RI+N – covariance matrix of interference and noise and WMMSEi – MMSE receiver weights for ith user.
This step realizes the user separation based on their respective channels, via use of user-specific DM-RS. The receiver uses all non-decoded interfering UEs to calculate interference covariance matrix for each non-decoded user i, that is used for the calculation of the equalization weights.
Step-4: Set of equalized symbols xrxi is fed into demapper and decoder sequentially.
Step-5: The receiver checks CRC for the transmission of ith user. If CRC check fails, then the algorithm goes back to step-3, with incremented i value and attempts to decode the transmissions of other non-decoded users. Otherwise, the algorithm goes to step-6.
Step-6: If CRC check succeeds, the algorithm reconstructs transmitted symbols xtx from the successfully decoded signals, by applying encoder, modulator procedures.
Step-7: Utilizing the output of the channel estimation for ith user, the receiver reconstructs received signal – yesti.
Step-8: This step performs the subtraction of reconstructed signal from total received signal. After subtraction of reconstructed signal, receiver goes to step-2.

2.2 MMSE IC receiver with enhanced IC-based channel estimation
Baseline MMSE-IC receiver can use enhanced channel estimation procedure, which was described in previous section. Figure 3 illustrates MMSE-IC receiver algorithm with IC-based channel estimator.


[bookmark: _Ref506042307]Figure 3. MMSE-IC receiver design for LCRS with enhanced channel estimation
Figure 3 represents the general structure for MMSE-IC receiver with enhanced IC-based channel estimation, and following steps describe the reception procedure:
Step-1: Perform initial IC-based channel estimation procedure given in section 2.3 assuming no successfully decoded data available (no data-aid CE)
Step-2: Receiver creates a set of non-decoded UEs, where i – is an internal index for non-decoded UE. Set the i value to 1. In addition, receiver creates set of decoded UEs.
Step-3: If size of non-decoded UE set is zero or index i exceeds the size of non-decoded UE set, algorithm terminates its operation. Otherwise the receiver applies MMSE-IRC equalization procedure for the non-decoded transmission from ith user using total received signal - ytotal.
Step-4: Set of equalized symbols xrxi is fed into demapper and decoder sequentially.
Step-5: The receiver checks CRC for the transmission of ith user. If CRC check fails, then the algorithm goes back to step-3, with incremented i value and attempts to decode the transmissions of other non-decoded user. Otherwise, the algorithm goes to step-6.
Step-6: If CRC check succeeds, the algorithm reconstructs transmitted symbols xtx from the successfully decoded signals, by applying encoder, modulator procedures.
Step-7: Utilizing the reconstructed transmitted symbols xtx, the enhanced channel estimator can be used as given in section 2.3
Step-8: Utilizing the updated channel estimations, the receiver reconstructs received signal from current UE and all previous decoded UEs (optional) with updated channel estimation.
Step-9: (Optional) This step performs the adjustment of reconstructed signal from the previous decoded UEs by using updated channel estimates. 
Step-10: This step performs the subtraction of reconstructed signals from total received signal. After subtraction of reconstructed signal, receiver goes to step-2.

2.3 Enhanced IC-based channel estimation
IC-based channel and data-aided estimation procedure shown in Figure 4 is provided for more robust channel estimation procedure.


[bookmark: _Ref513467514]Figure 4. Structure of IC-based channel estimation
IC-based channel estimation procedure algorithm is described as follows:
Step-1: Perform LS channel estimation on each REs of DM-RS
· If there are available data symbols which has been successfully decoded for some users, decoded data symbols can be considered as additional DM-RS (data-aided). 
Step-2: Apply Wiener filter for channel estimates: Wiener filtering is applied through multiple PRBs and multiple symbols. (2-dimensional)
· If there are available data symbols which has been successfully decoded for some users, both DM-RS and data can be used for the filtering. Otherwise, only DM-RS part is used.
Step-3: Reconstruct the received signals of DM-RS by multiplying filtered estimates (output of the filter) to the defined DMRS sequence
Step-4: Apply IC procedure by subtracting reconstructed signals of other users from the original received signal in DMRS part
Step-5: Steps 1-4 are repeated for fixed number of iterations. (e.g., 4 iterations)

Proposal 1:
· Enhanced channel estimation algorithm should be studied for NOMA receivers.
	
Complexity analysis
[bookmark: _Ref509783893]Computational complexity is one of the most important comparison metrics for receiver especially for NOMA study since different advance receiver is used for different Tx schemes. General approach to compare the receiver complexity is the mathematical analysis based on the detailed algorithms of each components of the receiver. For the analysis of the receiver, all components of the receiver have to be considered including detector, decoder, and IC related blocks as shown in Figure 5. In addition, since NOMA receiver is generally performed by integrative manner, the number of the iteration has to be considered. Our previous contribution in [3] has provided the complexity analysis of the MMSE detector with required iterations depending on the exact receiver. 

[image: ]
[bookmark: _Ref513808194]Figure 5. General NOMA Receiver diagram [1]

During online and offline discussions and even email discussions for NOMA, we have discussed how to perform the complexity analysis, but it was not easy to reach to a consensus on the detailed methodology. This is because various kinds of receivers have been proposed for each NOMA proposal and the methodologies that companies have proposed are not aligned each other. Therefore, it is the most important at this time to decide in which methodology we will have for complexity analysis to have more progress on receiver issues.
We may need to see how 3GPP has done for receiver complexity analysis since the receiver complexity analysis has been done in various study items in 3GPP and the previous methodology could be a good starting point for NOMA as well. One of the latest study items that has performed receiver complexity analysis was LTE NAICS which was done in RAN4 as given in [5, 6]. If see how receiver complexity analysis was done for LTE NAICS, there were three candidate methodologies as shown below.
1. Characterized by using O-notation: 
2. Relative complexity ratio to LMMSE-IRC (which is the baseline receiver)
3. Component based (i.e., functional blocks + number of processing iterations)

Finally, the 3rd candidate, component based analysis was agreed to be used for the receiver complexity and RAN4 came up with the final table as shown in [6]. Therefore, it is proposed that component based analysis could be used for NOMA receiver complexity analysis as well. In RAN1 #93, we already divided the receiver algorithm into multiple components as listed up in Section 1 so we can simply follow RAN4’s component based complexity analysis.
Based on RAN4’s previous guidance, we propose a draft template for the component based complexity analysis as shown in Table 1. And the detailed notations for each component are summarized in Table 2. Depending on different receiver algorithms, required components may be different. Therefore after finalizing the component analysis, we may go to the next step to compare the overall complexity between different receivers.
In Table 1, we put some initial analysis for the baseline receiver and some candidate receivers including MMSE-IC based receivers and ESE receiver. For the MMSE-IC based receiver, the actual number of iterations is not fixed and can be different case by case. Therefore, it is helpful to provide the empirical CDF for the number of iterations as given in Figure 6.




[bookmark: _Ref521599207][bookmark: _Ref521599211]Table 1. Proposed template for the receiver complexity analysis
	COMPLEXITY ANALYIS FOR RECEIVER
	MMSE-IRC 
(Baseline)
	MMSE-SIC 
(See Figure 7)
	MMSE-MIC 
(See Figure 8)
	ESE

	CHE_TOT
	N_UE*CHE
	N_UE*CHE
	N_UE*CHE
	N_UE*CHE

	DET_TOT
	N_UE*MMSE_DET
	N_ITER*MMSE_DET
	N_ITER*MMSE_DET
	N_ITER*N_UE*ESE_DET

	DEC_TOT 
	N_UE*DEC
	N_ITER*DEC
	N_ITER*DEC
	N_ITER*N_UE*DEC

	ENC_TOT 
	N.A.
	(N_ITER-1)*ENC
	(N_SUC_UE-1)*ENC
	N.A.

	IC_TOT 
	N.A.
	(N_ITER-1)*INT_SUB
	(N_SUC_UE-1)*INT_SUB
	N.A.

	DMRS_DET_TOT 
	N_DMRS*DMRS_DEC
	N_DMRS*DMRS_DEC
	N_DMRS*DMRS_DEC
	N_DMRS*DMRS_DEC

	Others
	N.A.
	UE_SORT
	UE_SORT
	N.A.

	 
	 
	 
	 
	 

	TOTAL OVERALL COMPLEXITY
	CHE_TOTAL+DET_TOTAL+DEC_TOT+ DMRS_DET_TOT
	CHE_TOT+DET_TOTAL+DEC_TOT+ENC_TOT+IC_TOT+ DMRS_DET_TOT +UE_SORT
	CHE_TOT+DET_TOTAL+DEC_TOT+ENC_TOT+IC_TOT+ DMRS_DET_TOT +UE_SORT
	CHE_TOT+DET_TOTAL+DEC_TOT+ DMRS_DET_TOT

	ADDITIONAL NOTE 
	 
	N_ITER <= N_UE : iteration stops when decoding fails for any UE
(See Figure 6)
UE_SORT: UE sorting by SINR
	N_UE<=N_ITER << N_UE*(N_UE+1)/2
(See Figure 6)
N_SUC_UE: Number of successfully decoded UEs (N_SUC_UE<=N_UE)
UE_SORT: UE sorting by SINR
	N_ITER is fixed, e.g., 6



[bookmark: _Ref521599225]Table 2. General notations of components for receiver complexity analysis
	Notation

	 

	CHE_TOT = channel estimation 

	DET_TOT = symbol detector 

	DEC_TOT = Decoding

	IC_TOT = Interference cancelation

	DMRS_DEC_TOT = DMRS detection

	 

	MMSE_DET = Symbol detection by MMSE

	ESE_DET = symbol detection by ESE

	DEC = codeword decoding per user

	ENC =  codeword encoding per user

	CHE = channel estimation per user

	INT_SUB = Subtraction of Interference per user

	DMRS_DEC = DMRS detection per user

	 

	N_UE = number of multiplexed UE

	N_DMRS = number of DMRS ports

	N_ITER = number of iterations, if iterative receiver is used



[image: ]
[bookmark: _Ref521602304]Figure 6. CDF of decoding number for MMSE-IC based receiver
	
Proposal 2:
· For the analysis of the receiver complexity, component based complexity analysis is used
· Refer to the LTE NAICS work on complexity analysis
· Use the template given in Table 1 and Table 2
· Provide the supporting statistics for the complexity analysis, e.g., CDF for number of iterations.

Conclusion
In this contribution, we discuss the receiver aspects for NOMA. Based on the discussion, we have following observations and proposals: 
Proposal 1:
· Enhanced channel estimation algorithm should be studied for NOMA receivers.
Proposal 2:
· For the analysis of the receiver complexity, component based complexity analysis is used
· Refer to the LTE NAICS work on complexity analysis
· Use the template given in Table 1 and Table 2
· Provide the supporting statistics for the complexity analysis, e.g., CDF for number of iterations.

References
[bookmark: _Ref474171964][bookmark: _Ref498685384][bookmark: _Ref482718653][bookmark: _Ref506425133][bookmark: _Ref506393177][bookmark: _Ref513742113]Chairman note, RAN1 #92bis
Chairman note, RAN1 #93
R1-1808677, “NOMA transmission scheme”, Intel Corporation
[bookmark: _Ref513808315]R1-1804744, “Receiver structure for NOMA”, Intel Corporation
[bookmark: _Ref506394117][bookmark: _Ref521591634]3GPP TR 36.866, "Study on Network-Assisted Interference Cancellation and Suppression (NAIC) for LTE, Rel-12”
[bookmark: _Ref521591635]R4-136979, “Summary of complexity analysis”

Appendix A: IC based Receiver structures
A. MMSE-SIC
[image: ]
[bookmark: _Ref510775634]Figure 7 Baseline SIC receiver


B. MMSE-Modified IC (MIC) receiver
[image: ]
[bookmark: _Ref510775645]Figure 8 Modified SIC receiver
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