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Background
During the RAN1#94bis, the following complexity analysis templates as well as example values are agreed to perform detailed complexity analysis of the receiver [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
	Note 1
	
	

	
	Demodulation weight computation, if any
	Note 2
	
	

	
	UE ordering, if any
	Note 3
	
	

	
	Demodulation, if any
	
	
	

	
	Soft information generation, if any
	
	
	

	
	Soft symbol reconstruction, if any
	
	
	

	
	Message passing, if any
	
	
	 


	
	Others
	
	
	

	Decoder (complexity in #addtion/comparision)
	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
	
	
	


Note 1: Two options for covariance matrix calculation
Option 1:
Option 2: 
Note 2: Three options for demodulation weight calculation
Option 1: 
Option2: , 
Option 3:  

Note 3: Two options for UE ordering
Option 1: 
Option 2: 

For ESE-SISO receiver, 
The LLR probability and interference cancellation can be further elaborated as follows,
ESE-LLR: .
Mean-variance update:  

	Receiver component
	Detailed component
	Computation in parametric number of usages, O(.) analysis, [impact factor]

	
	
	
EPA+SISO receiver

	Detector (complexity in #complex multi. per user per resource element)

	UE detection 
	

	
	Channel estimation
	

	
	Rx combining, if any
	

	
	Covariance matrix calculation, if any
	

	
	Matrix inversion
	

	
	Equalization
weight computation, if any
	

	
	Demodulation weight computation, if any
	

	
	UE ordering, if any
	

	
	Equalization
	

	
	Demodulation, if any
	

	
	Soft information generation, if any
	

	
	Soft symbol reconstruction, if any
	

	
	Message passing, if any
	 


	
	Others
	

	Decoder (complexity in #binary add/comp per user per coded bit)
	LDPC decoding 
	A:
C : 

	Interference cancellation (complexity in #complex multi per user per resource element)
	Symbol reconstruction(Including FFT operations for DFT-S-OFDM waveform), if any
	 Additional for DFT-s-OFDM:
O(* log2(NFFT))

	
	LLR to probability conversion, if any
	

	
	Interference cancellation
	

	
	LDPC encoding, if any
	

	
	Others
	




	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



In addition, for EPA SISO receiver, there are 2 other different versions of complexity analysis. In this paper, we will consider different versions of complexity analysis and strive to provide a comprehensive quantitative analysis of different receivers.
Quantitative Analysis of NOMA Receivers
In this section, quantitative analysis of the NOMA receivers is based on the agreed computation complexity templates and parameter tables, together with a few additional parameters not yet reached consensus such as . Different options/versions of Rx computational complexity are considered.  The ratios, if reported, are rounded with 0.5 granularity. 
UE Detection and Channel Estimation Complexity
The computation complexity of UE detection and channel estimation parts can be computed directly from the agreed table of example values, 

Table 1 Complexity of UE detection and channel estimation
	UE detection 
	576

	Channel estimation
	6912



UE detection and channel estimation parts do not account for significant portion of the total Rx complexity, as to be illustrated in the detailed quantitative analysis in the following sections.. 

MMSE IRC/hard-IC
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	Option1
	Option2 
	Option3


Figure. 1 Complexity of MMSE hard-IC receivers and MMSE IRC receivers for 2Rx, under different options
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	Option1
	Option2 
	Option3


Figure. 2 Complexity of MMSE hard-IC receivers and MMSE IRC receivers for 4Rx, under different options.

For the complexity of MMSE hard-IC, there are three options in a number of entries of agreed template. More detailed computation for each component can be found in Appendix A1. 
For the complexity of MMSE-IRC, in the detector part, the number of decoding is tuned to Nue since no additional decoding attempts beyond the number of UEs are needed. Moreover, IC is turned off in MMSE-IRC. 
For the complexity of MMSE hard-IC, the number of outer iterations is set to 1.5 which is the upper bound observed in the link level evaluation shown in Appendix A2. 
Regarding the number of adjacent REs, depending on spreading factors, typical range seems between 24 and 144.  As shown in Appendix A3, the performance difference between  and  is very small. Under this setting, the complexity ratios of MMSE hard IC versus MMSE IRC are approximately {2, 2.5, 3.5} for Option 1, Option 2 and Option 3, respectively with 2 Rx antennas, and {1.5, 2, 3.5} respectively with 4 Rx antennas. With the varying of , the ratios are within the range of { 1.5~2, 2~2.5, 3~4} or  { 1~2, 1.5~2.5, 3~3.5} with 2 or 4 receive antennas. 
ESE + SISO based
For the complexity of ESE-SISO based receivers, there exist 2 different versions of receiver complexity analysis i.e. ESE and enhanced-ESE. Figure 3/4 evaluates the complexity of ESE-SISO based receivers.  
Regarding the number of adjacent REs over which demodulation weights are reused, when  , ratios of the  3 options of ESE-SISO receiver versus MMSE IRC are {18,5.5,7.5} under 2 receive antennas and {10.5, 2 ,7} under 4 receive antennas respectively.  With the varying of , the ratios of option 1 ESE with respect to MMSE IRC are within the range of 4.5~22 or 1.5~17.5 under 2 or 4 receive antennas,  the ratios of MF  e-ESE with respect to MMSE IRC are within the range of 1.5~7 or 0.5~3 under 2 or 4 receive antennas, and the ratio of MMSE  e-ESE with respect to MMSE IRC are within the range of 2~9 or 1~11.5 under 2 or 4 receive antennas, respectively.
	ESE
	enhanced ESE with MF/MMSE combining
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	[4.5, 22]
	MF e-ESE [1.5,7]
MMSE e-ESE [2, 9]


Figure. 3 Complexity of ESE/enhanced-ESE and MMSE IRC for 2Rx, under different options.
	MF-ESE
	enhanced ESE with MF/MMSE combining
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	[1.5, 17.5]
	MF e-ESE [0.5, 3]
MMSE e-ESE [1, 11.5]


Figure 4 Complexity of ESE/enhanced-ESE and MMSE IRC for 4Rx, under different options
EPA + SISO based
For the complexity of EPA-SISO based receivers, there are 3 versions of receiver complexity analysis. Figure 5/6 evaluates the complexity of EPA-SISO based receivers.  
Regarding the number of adjacent REs over which demodulation weights are reused, when  , ratios of the  3 options of EPA-SISO receiver versus MMSE IRC are {50,33,15} under 2 receive antennas and {14, 15,11} under 4 receive antennas respectively.  With the varying of , the ratios of option 1 EPA with respect to MMSE IRC are within the range of 7~78 or 1.5~28 under 2 or 4 receive antennas,  the ratios of option 2 EPA with respect to MMSE IRC are within the range of 8.5~40 or 2~22 under 2 or 4 receive antennas, and the ratio of option 3 EPA with respect to MMSE IRC are within the range of 2~23.5 or 1~23 under 2 or 4 receive antennas.
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	Option 1 EPA
[7，78]
	Option 2 EPA
[8.5，40]
	Option 3 EPA
[2，23.5]


Figure.5 Complexity of EPA and MMSE IRC  for 2Rx, under different options.
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	Option 1 EPA
[1.5，28]
	Option 2 EPA
[2，22]
	Option 3 EPA
[1，23]


Figure.6 Complexity of EPA and MMSE IRC for 4Rx, under different options
Decoding Complexity
The decoding complexity can be quantified by the number of decoding attempts for , i.e., for the MMSE hard-IC receivers. While for the soft IC receiver, this quantification can be done via the number of outer iterations.  
Table 2 Decoding Complexity for Receivers
	Rx Types

Decoding Complexity
	MMSE-IRC/hard-IC
	EPA SISO
	ESE SISO

	Total number of Usages
	
	
	


 
Depending on whether parallel or serial interference cancellation is employed, the number of outer iterations may vary for MMSE hard-IC receiver and is agreed within [1.5, 3] from the table of example values for calculation. Meanwhile, the number of outer iterations is as agreed to be 3 and 5 respectively for EPA-SISO and ESE-SISO. The decoding complexity ratio is reported accordingly as below,
 
Table 3 Decoding Complexity Ratios for Receivers
	Rx Types

Decoding Complexity
	MMSE IRC 
	MMSE hard-IC
	EPA SISO
	ESE SISO

	Ratio of number of usages
	1
	[1.5, 3]
	3
	5






Conclusion
Observation 1 Choosing appropriate values for the number of adjacent REs to which the same demodulation weights are applied ,i.e.   can be considered to control the receiver complexity of  MMSE-IRC/hard-IC. 

Observation 2  According to the example values of parameters for computation complexity calculation, with the varying of  ,  the ratios of detector plus IC between different receivers are reported as follows,
· MMSE hard-IC with respect to MMSE IRC : [1,4] @ 2Rx and 4Rx
· ESE-SISO with respect to MMSE IRC 
·   ESE-SISO with respect to MMSE-IRC:  [4.5,22] @ 2Rx  and [1.5,17.5]@4Rx
·  enhanced ESE-SISO with respect to MMSE-IRC: [1.5,9] @ 2Rx and  [0.5,11.5]@4Rx
· EPA-SISO with respect to MMSE IRC :
· option 1 EPA-SISO with respect to MMSE-IRC:[7,78] @ 2Rx and [1.5,28]@4Rx
· option 2 EPA-SISO with respect to MMSE-IRC:[8.5,40] @ 2Rx and [2,22] @ 4Rx
· option 3 EPA-SISO with respect to MMSE-IRC:[2,23.5] @ 2Rx and [1, 23] @ 4Rx
Observation 3  According to the example values of parameters for computation complexity calculation, the ratios of complexity of decoding between different receivers are reported as follows,
· MMSE hard-IC with respect to MMSE IRC :1.5~3
· EPA-SISO with respect to MMSE IRC : 3
· ESE-SISO with respect to MMSE IRC : 5


Proposal 1 Capture the above observations and the complexity comparison figures, Figure.1-Figure.6, into TR 38.812.
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Appendix
A1 Different options in MMSE hard-IC/IRC receiver
In the complexity analysis of MMSE hard-IC/IRC  different options in certain number of entries are considered. The break-down computation is as follows,

Table A1 Complexity analysis of different options for MMSE hard-IC receiver under 2 or 4 Rx
	Rx Type
Options
	MMSE IRC
	MMSE hard-IC

	

Covariance Calculation
	

	6912 or 27648
	6912 or 27648

	
	
)

	768 or 1920
	1152 or 2880

	Demodulation Weight Calculation
	

	23040 or 129024
	29952 or 156672

	
	


	9248 or 73856
	13872 or 110784

	
	


	NA
	119808 or 516096

	UE Ordering
	

	0
	6912 or 13824

	
	


	0
	7170 or 14082

	Demodulation
	
	20736 or 41472
	31104 or 62208



Notes
1:  and  are set to be 48 and 144.
2: For UE ordering, the Option 3-3 can also obtain satisfying results with the decoding attempts inferior to 1.5[2]. Therefore 1.5 is adopted in the evaluations for all the MMSE hard-IC receiver calculations for the analysis.
3. Option 1 is the combination of option sets{1-1, 2-1, 3-1}, option 2 is the combination of option sets{1-2, 2-2, 3-1} and option 3 is the combination of option sets {1-1, 2-3, 3-2}. 

Table A2 Different Versions of complexity analysis of MMSE hard-IC Receiver under 2 or 4 Rx
	Option Sets

Rx Type 
	1.1+2.1+3.1 
	1.2+2.2+3.1
	1.1+2.3+3.2 

	MMSE-IRC
	55,872 or 203,328
	35,936 or 122,432
	NA

	MMSE-hardIC
	103,392 or 309,600
	81,552 or 238,944
	193,506 or 669,282



Assigning the values from the table of example values to the complexity analysis table, the complexity analysis of  different versions of ESE/EPA plus SISO is provided in the following tables, . 
Table A3 Different Versions of complexity analysis of ESE-SISO receiver under 2 or 4 Rx
	ESE
	e-ESE

	
	MF combining
	MMSE combining

	648,000 or 1,270,080
	202,176 or 222,912
	264,384 or 844,992




Table A4 Different Versions of complexity analysis of EPA-SISO receiver under 2 or 4 Rx
	option 1
	option 2
	option 3

	2,799,360 or 2,799,360
	1,181,952 or 1,617,408
	844,992 or 2,280,960




A2 Appropriate Number of Decoding Attempts
This value ranges from 1.5 to 3 in the table of example values. Apart from this particular example, 2 additional CDF curves of average number of decoding attempts @ operating points with enhanced hard SIC receiver [3] are provided as follows. 2Rx and TDL-C channels are assumed for all these examples.
(1.1) 12UE, 20byte, {coderate = 0.40}, SNRperUE = -4dB, BLER=0.0905
(1.2) 10UE, 60byte, {coderate = 0.57}, SNRperUE = 5dB, BLER=0.1009
(1.3) 10UE, 75byte, {coderate = 0.72}, SNRperUE = 11dB, BLER=0.0955
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	(1.1)TDL-C 300ns, 12UE, 20byte, ICE
	(1.2)TDL-C 300ns, 10UE, 60byte, ICE
	(1.3)TDL-C 300ns, 10UE, 75byte, ICE


Figure.A1 Average Decoding Attempts NiterIC under ICE
(2.1) 12UE, 20byte, {coderate = 0.40}, SNRperUE = -4dB, BLER=0.0905
(2.2) 10UE, 60byte, {coderate = 0.57}, SNRperUE = 5dB, BLER=0.1009
(2.3) 10UE, 75byte, {coderate = 0.72}, SNRperUE = 11dB, BLER=0.0955
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	(2.1)TDL-C 300ns, 12UE, 20byte, RCE
	(2.2)TDL-C 300ns, 10UE, 60byte, RCE
	(2.3)TDL-C 300ns, 10UE, 75byte, RCE


Figure. A2 Average Decoding Attempts NiterIC under RCE
A3 Values of NREadj in MMSE hard-IC/IRC receiver
The number of adjacent REs to which the same demodulation weights are applied can be written as NREadj = Nsf*Nadj, where Nadj denotes the number of adjacent spreading units. Both performance comparisons under ICE and RCE with To/Fo settings have been provided to see whether there would be any performance degradation between using the same channel for all the OFDM symbols(NREadj=4*12=48) to calculate MMSE demodulation weights. For cases with To/Fo, the To/Fo could be compensated after the equalization/de-spreading processes. For example, we can employ the channel on the first OFDM symbol to calculate the weight and compensate the phase rotation for the de-spread symbols. This compensation process would be common to all receivers either before or after de-spreading in the receiver. Evaluation results assuming different numbers of adjacent REs are provided for information below. 
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	1. 12UE, 20byte {code rate = 0.40}, ICE
	1. 10UE, 60byte {code rate = 0.57}, ICE
	(3) 10UE, 75byte {code rate = 0.72}, ICE
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	(4) 24UE, 20byte {code rate = 0.1}, RCE
	(5) 8UE, 60byte {code rate = 0.19}, RCE
	(6) 16UE, 80byte {code rate = 0.29}, RCE


Figure. A3  BLER performance of different NREadj  for TDL-C 300ns with non-zero To/Fo
A4 Considerations on DFT-S-OFDM waveform and higher order modulation 
Considering DFT-S-OFDM waveform, additional complexity increase is shown with different types of options for the table of example values,  the numbers are rounded in the accuracy of  thousand.  It can be observed that the additional complexity of DFT-S-OFDM could lead to up to 60% complexity increase. for option 3 EPA.
For EPA receiver, higher order modulation results are given in Figure. A2, it can be observed that with the scaling of modulation order, the complexity of EPA would increase noticeably with option 1 and option 2 EPA. 
Table A5  Complexity analysis for EPA under different waveforms
	Waveform

Different options of Rx
	CP-OFDM waveform
	DFT-S-OFDM waveform

	Option 1 EPA
	2,800,000
	3,375,000

	Option 2 EPA
	1,180,000
	1,758,000

	Option 3 EPA
	845,000
	1,421,000



[image: ]
Figure. A4 Complexity of EPA plus SISO with respect to Modulation Order










A5 Complexity of different options of Receivers

	ESE
	enhanced ESE with MF/MMSE combining
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	[1.5, 18]
	MF e-ESE:[0.5,5.5]
MMSE e-ESE:[0.5,7.5]

	[image: ]
	[image: ]

	[1.5,17.5]
	MF e-ESE [0.5,3]
MMSE e-ESE [1,.11.5]


Figure. A5 Complexity of ESE/enhanced-ESE and MMSE IRC for 2Rx, under different options.












	MF-ESE
	enhanced ESE with MF/MMSE combining
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	[0.5, 13]
	MF e-ESE:[0.5,2.5]
MMSE e-ESE:[0.5,8.5]
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	[1.5,17.5]
	MF e-ESE [0.5,3]
MMSE e-ESE [1,.11.5]


Figure. A6 Complexity of ESE/enhanced-ESE and MMSE IRC  for 4Rx, under different options

 



	Option 1 EPA
	Option 2 EPA
	Option 3 EPA
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	[7,78]
	[3,33]
	[2,23.5]
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	[20.5,94]
	[8.5,40]
	[6,28.5]


Figure.A7 Complexity of EPA and MMSE IRC  for 2Rx, under different options.

	Option 1 
	Option 2 
	Option 3
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	[1.5,28]
	[1,17]
	[1,23]
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	[3,38]
	[2,22]
	[2.5,31]


Figure.A8 Complexity of EPA and MMSE IRC  for 4Rx, under different options
A6 Complexity of EPA-PIC receiver
Table A6 Algorithm and complexity of EPA-PIC receiver
	Receiver component
	Detailed component and algorithm
	Complexity 

	Detector 
	0: Initialization
	Set a=1, 
	Marginal

	
	1: EPA-based detector for K users (Rx combining, Covariance matrix calculation, Demodulation weight computation, Message passing) 
	1.0: Initialize mean and variance from FN to VN as , .
Set t = 1, .
	Marginal

	
	
	
1.1: If t >, move to step 2.1
Else,
VN Update: For :
For  :
· Compute  and  as 


where  is -th element of -dimensional vector .

	For the mean value,
2*2Qm*du  real multiplications are need per block per UE per inner iteration.

For the variance

,
2Qm*du  real multiplications are need per block per UE per inner iteration.



	
	
	1.2: FN Update: For :
a. Perform chip-by-chip MMSE as


where  and .

1) Covariance matrix calculation


2) Demodulation weight calculation 


3) Demodulation





	

	
	
	1.3 Message Passing：
1) From VN to FN


2) From FN to VN



	Let , then , and 
Thus 1 real division (count as 1 complex multiplication) and 3 real multiplications are needed for each message passing. 



1 :4 ratio is used to translate real multiply to complex multiply.


	
	
	1.4: Update 
,
Equivalent to 


Update t = t +1 and restart from step 1.1
	For each UE and each block and each inner iteration,    
1. To calculate the euclidean distance, need 2Qm*2*du real multiplications.
2. 
To calculate , need du real divisions (count as du complex multiplications).
3. To calculate [image: ], need 2Qm*du real complex multiplications.
4. 2Qm times of table look-up (exp) are needed (count as 2Qm complex multiplications).
5.To multiply the probabilities, 2Qm real complex multiplications are needed.   



	
	2. Soft information generation
	2.1: Calculate the LLR of coded bits of user k


	For each UE and each constellation,   Qm real division (count as Qm  complex multiplications) and Qm times of table look-up (count as Qm complex multiplication) are needed per block per outer iteration.



	Decoder
	3. LDPC decoding
	

3.1: LDPC decoding based on the LLR of coded bits obtained in step 2.1 and obtain the LLR of coded bits 
	


	Interference cancellation
	4. LLR to probability conversion
	
4.1: If a >, stop
Else

Calculate  from  as

, restart from step 1.0
	For each UE and each constellation,    Qm times of table look-up (count as Qm complex multiplication) are needed per block per outer iteration.





















A7 Clarification on complexity of MMSE hard IC
Clarification on demodulation weight calculation



This weight update only needs to be calculated for -1 rounds for demodulation purpose, instead of   rounds as elaborated in Section 3.2 [5].  Therefore the option 3 for demodulation weight calculation in Table 8-1 of [4]  is flawed and the correction in Proposal 3 in [6] makes it more reasonable. 
However, it would be better to attribute the SINR generation item in the corrected option 3[6] to UE ordering component and the following sub-section provides further clarification and complexity analysis on demodulation weight calculation and UE ordering.
Clarification on UE ordering

UE ordering can be done after obtaining whose calculation is shown as follows:




where ∑ is the sum of all the matrix elements and . Notice that  is already calculated during the calculation of Ry and the matrix Q is a Hermitian matrix. The calculation can be further divided into 2 parts: (a) The multiplication for each element in the diagonal whose cost 1 real multiplication (b) The calculation of the real parts for other elements whose cost is 2 real multiplications.  An example of this calculation method is shown in Figure. 7 when N = 3 for information.
[image: update]
Figure.A 9. An example of calculation of Tk when N = 3.
Overall Complexity Calculation
The following table shows the detailed complexity analysis for the demodulation weight calculation and UE ordering components.

Table A7 Complexity Analyisis break-up for Demodulation Weight  Calculation
	
	Formulas
	Complexity
	Note

	Demodulation weight
	

	

	
 

	
	

	

	

=Hermitian, in (NUE-1) rounds. The division is done for , which is of lower order and therefore omitted.

	
	

	

	
 in NICNUE rounds.

	Total
	

	Items with lower order is omitted in the O(·) notation.

	O(·)
	

	



Table A8 Complexity Analyisis break-up for  UE ordering
	
	Formulas
	Complexity
	Note

	UE ordering
	

	

	

for NrxNSF diagonal elements for NUE~2 times in (NUE -1)rounds. 

	
	

	

	


for  non-diagonal elements for NUE~2 times in (NUE -1)rounds.

	Total
	

	
 can be seen as a coefficient and omitted,  in the O(·) notation. The quick sorting is omitted. 

	O(·)
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