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[bookmark: _Ref506539118]Introduction
At the RAN1#94bis meeting, the following agreements were made with regard to the receiver complexity analysis for NOMA [1]:
Agreements:
· Table 8 (and its subtables & notes) and Table 9 in R1-1811938 are agreed
· To be captured in 38.812
In this contribution, we provide detailed complexity analysis for MMSE-IC based receiver.   
Complexity analysis
At the RAN1#94bis meeting, receiver complexity analysis was conducted and detailed component based complexity for each block was agreed and captured in Table 1 for MMSE IC based and ESE receiver [1]. 
[bookmark: _Ref528922610]Table 1. Computation complexity approximation formulae
	Receiver component
	Detailed component
	Computation in parametric number of usages, O(.) analysis, [impact factor]

	
	
	MMSE-IRC/hard-IC
	ESE

	
	
	
	ESE+SISO
	Enhanced ESE+SISO

	Detector (complexity in #complex multi.)

	UE detection 
	
	
	

	
	Channel estimation
	
	
	

	
	Rx combining, if any
	
	
	O() or O()

	
	Covariance matrix calculation, if any
	
	
	

	
	Demodulation weight computation, if any
	
	
	

	
	UE ordering, if any
	
	
	

	
	Demodulation, if any
	
	
	

	
	Soft information generation, if any
	
	
	

	
	Soft symbol reconstruction, if any
	
	
	

	
	Message passing, if any
	
	
	 


	
	Others
	
	
	

	Decoder (complexity in #addition/comparison)
	LDPC decoding 
	A:
C : 
	A:
C : 
	A:
C : 

	Interference cancellation (complexity in #complex multi)
	Symbol reconstruction(Including FFT operations for DFT-S-OFDM waveform), if any
	
	
	

	
	LLR to probability conversion, if any
	
	
	

	
	Interference cancellation
	
	
	

	
	LDPC encoding, if any
	Buffer shifting: 
Addition: 
	
	

	
	Others
	
	
	



Further, example values of parameters were provided for complexity analysis as illustrated in Table 2. 
[bookmark: _Ref528922598] Table 2. Example values of parameters for computation complexity calculation
	Category
	Parameter
	Notation
	Value

	General
	Number of receive antennas
	
	2 or 4

	
	Number of data resource elements 
	
	864

	
	Number of users
	
	12

	MMSE and EPA related
	Spreading length
	
	4

	MMSE-hard IC specific
	Number of decoding for MMSE-hard IC
	
	 for IRC;
 for hard-IC

	Channel coding related
	Average column weight of LDPC PCM
	
	3.43

	
	Average row weight of LDPC PCM
	
	6.55

	
	Number of information bits in a code block
	
	176

	
	Number of coded bits of a block
	
	432

	
	Number of inner iterations of LDPC decoding
	
	20 

	Soft IC specific
	Number of outer iterations between detector and decoder
	
	5 (for ESE), 3 (for EPA)

	EPA specific
	Number of inner iterations inside detector
	
	3

	
	Number FN nodes (or resource elements) connected to each user
	
	2

	
	Number of user connected to one resource element
	
	6

	
	Modulation order
	
	3

	User detection & channel estimation related
	Maximal number of DMRS antenna ports 
	
	12

	
	Total number of DMRS REs for initially estimated channel
	
	12

	
	Total number of REs for DMRS, e.g., length of DMRS sequence
	
	24



Number of decoding attempts
Given the fact that the receiver is generally performed by an iterative manner, the number of iterations needs to be considered for overall complexity analysis. Figure 1 illustrates performance comparison and CDF of average number of decoding attempts between MMSE-SIC and MMSE-MIC receivers for different types of MMSE-IC based receiver. Note that detailed diagram of each receivers are listed in Appendix.
· Baseline MMSE-SIC: As shown in Figure 2, baseline MMSE-SIC receiver is based on successive interference cancellation with SNR ranking. Further, receiver stops decoding trials when the decoding of any user is failed.  
· MMSE with Modified SIC (MIC): As shown in Figure 3, MMSE-MIC is based on successive interference cancellation with SNR ranking. Compared to baseline MMSE-SIC receiver, even when the decoding of any user (UE1) is failed, receiver continues decoding trials for users whose SNR is lower than UE1. If any user is decoded successfully, interference cancellation is employed and another iteration is performed based on SNR ranking. Iteration continues until all users are decoded successfully or any of the users is not decoded successfully inside one iteration.
From the figure, it can be observed that for the MMSE-IC based receiver, the actual number of iterations is not fixed and can be different case by case. For instance, it may depend on the SNR value, channel condition or the number of UEs. Further, the number of iterations for MMSE-MIC receiver is larger than that for MMSE-SIC receiver, but provides better performance. It is primarily due to the fact that MMSE-MIC receiver can allow more decoding opportunities for UEs with lower SNR even when higher SNR users are not decoded successfully.
Further, it can be observed that for modified MMSE SIC receiver, the average number of decoding attempts can be around 1.2. When analyzing the complexity, the number of decoding attempts can be around 2.

	[image: ]
	[image: ]

	BLER vs SNR
	Averaged number of decoding attempts


[bookmark: _Ref521602304]Figure 1. Performance comparison of receivers: Basic SIC vs Modified SIC vs PIC
Observation 1:
· For MMSE hard IC receiver, the number of decoding attempts can be around 2. 

Overall receiver complexity
Table 3 illustrates the overall receiver complexity for baseline and modified MMSE-SIC based receiver for both LCRS and spreading based NOMA scheme. In the analysis, it was assumed ,  and . For spreading based NOMA scheme, it was assumed .
From the Table, it can be observed that
· When the number of adjacent REs where the same demodulation weights are applied is relatively small, overall complexity of MMSE hard IC receiver for linear spreading based NOMA scheme is dominated by covariance matrix and demodulation weight calculation.
· When the number of adjacent REs where the same demodulation weights are applied is relatively small, and the number of receive antennas is 4, the overall complexity for MMSE hard IC receiver for linear spreading based NOMA schemes is 2.3 over that of MMSE hard IC receiver for LCRS without spreading.  

Table 3. Overall receiver complexity for MMSE hard IC based receiver for LCRS and linear spreading based NOMA schemes
	
	MMSE hard IC receiver for LCRS (Option 1)
	MMSE hard IC receiver for linear spreading based scheme (Option 1)

	Overall complexity when 
	
	

	Overall complexity when 
	
	



Observation 2:
· When the number of adjacent REs where the same demodulation weights are applied is relatively small, overall complexity of MMSE hard IC receiver for linear spreading based NOMA scheme is dominated by covariance matrix and demodulation weight calculation.
· When the number of adjacent REs where the same demodulation weights are applied is relatively small, and the number of receive antennas is 4, the overall complexity for MMSE hard IC receiver for linear spreading based NOMA schemes is 2.3 over that of MMSE hard IC receiver for LCRS without spreading.  


Table 4 illustrates the overall receiver complexity for MMSE hard IC receive and EPA receiver. In the analysis, it was assumed ,  and .
From the Table, it can be observed that
· When the number of adjacent REs where the same demodulation weights are applied is relatively small, and the number of receive antennas is 2, overall complexity of EPA receiver is ~1.7 over that of MMSE IC based receiver.
· When the number of adjacent REs where the same demodulation weights are applied is relatively small, and the number of receive antennas is 4, overall complexity of EPA receiver is ~0.9 of that of MMSE IC based receiver.

[bookmark: _Ref529889767]Table 4. Overall receiver complexity for MMSE hard IC and EPA receiver
	
	MMSE hard IC receiver when  (Option 1)
	EPA receiver when  (Option 3)

	Overall complexity when 
	
	

	Overall complexity when 
	
	



Observation 3:
· [bookmark: _GoBack]When the number of adjacent REs where the same demodulation weights are applied is relatively small, depending on the number of receive antennas, the overall complexity of MMSE IC based receiver can be higher or lower than that of EPA receiver. 

Conclusions
In this contribution, we provided detailed complexity analysis for MMSE-IC based receiver. Based on the discussions presented, we summarize our views through the following proposals:
Observation 1:
· For MMSE hard IC receiver, the number of decoding attempts can be around 2. 
Observation 2:
· When the number of adjacent REs where the same demodulation weights are applied is relatively small, overall complexity of MMSE hard IC receiver for linear spreading based NOMA scheme is dominated by covariance matrix and demodulation weight calculation.
· When the number of adjacent REs where the same demodulation weights are applied is relatively small, and the number of receive antennas is 4, the overall complexity for MMSE hard IC receiver for linear spreading based NOMA schemes is 2.3 over that of MMSE hard IC receiver for LCRS without spreading.  
Observation 3:
· When the number of adjacent REs where the same demodulation weights are applied is relatively small, depending on the number of receive antennas, the overall complexity of MMSE IC based receiver can be higher or lower than that of EPA receiver. 
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Appendix: IC based receiver structures
A. Baseline MMSE-SIC receiver
[image: ]
[bookmark: _Ref525042810]Figure 2. Baseline MMSE-SIC receiver

B. MMSE-Modified IC (MIC) receiver
[image: ]
[bookmark: _Ref510775645]Figure 3. Modified MMSE-SIC receiver
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