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1	Introduction
During RAN plenary #75, a study item on non-orthogonal multiple access (NOMA) schemes for NR was approved [1] that was subsequently updated in [2]. NOMA schemes show promising benefits over conventional orthogonal multiple access technique. Among the proposed NOMA schemes, the base station receiver complexity and technical requirements are different. The achievable gain under realistic receiver implementation would be more valid for further evaluating non-orthogonal multiple access schemes. In this contribution, we discuss metrics for complexity analysis of different receivers, we present the complexity of two receivers; an MMSE-based hard IC receiver and an ESE-base soft IC receiver.
In RAN1#94 [3], the following agreement was reached:
Agreements:
· The following table for computation complexity analysis of the receiver as the starting point, entries can be updated till RAN1#94bis. 
Table I	Template of Receiver Computation Complexity breakup 
	Receiver component
	Detailed component
	Computation in parametric number of usages, O(.) analysis, [impact factor]

	
	
	Receiver type 1
	Receiver type 2
	…

	Detector

	UE detection 
	
	
	

	
	Channel estimation
	
	
	

	
	Rx combining, if any
	
	
	

	
	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
	LDPC decoding
	
	
	

	Interference cancellation
	Symbol reconstruction(Including FFT operations for DFT-S-OFDM waveform), if any
	
	
	

	
	LLR to probability conversion, if any
	
	
	

	
	Interference cancellation
	
	
	

	
	LDPC encoding, if any
	
	
	

	
	Others
	
	
	


· The impact factor is to be estimated based on the analysis of computation, memory size, hardware and software implementation, etc. 
· If/How and which entries are to be combined/compared in order to get the total complexity estimate is FFS. 
· Companies may provide the impact factor
· The impact factor is for each cell 
· The rows in the above table are subject to potential re-finement, e.g., adding new row(s), merge some rows, etc.
· Note: the numbers may or may not be a function of UL waveform
· FFS whether or not to add row(s) for memory blocks

In RAN1#93 [4], the following agreement was reached:
Agreements:
· In performing performance evaluation, companies should provide analsysis of receiver complexity. Particularlly (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 RAN1#92bis [5], the following agreement was reached:
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 interferene 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

Furthermore, in RAN1#92 [6], the following agreement was reached:Agreements:
· Adopt the following table as the metrics for NOMA study from link level point of view.
· More metrics may be added in the future

Performance metrics 
BLER vs. per UE SNR at a given pair of {per UE SE, # of UEs}  
Sum throughput v.s. SNR at given BLER level, for a given pair of {per UE SE, # of UEs}
MCL 

Implementation related metrics
PAPR/cubic metric
Rx complexity and processing latency
FFS:  Configuration/Scheduling flexibility



In section 2, we discuss the receiver complexity template. In section 3, we consider two baseline receivers; MMSE-based hard IC receiver and ESE-based soft IC receiver, and present the receiver complexity template of each receiver.


[bookmark: OLE_LINK15][bookmark: OLE_LINK16]2	Receiver Complexity Template
In RAN1#94 [3], a template for comparing the complexity of different receiver architectures was proposed. This is a good starting point for the complexity comparison. In this section, we propose some updates to the complexity template.

Different receiver architectures (MMSE-based, ESE-based, MPA/EPA-based, with hard-IC/soft-IC/No IC, etc.) have been proposed for different NOMA schemes, while at a high-level, the receiver components are similar for each receiver architecture (detector, decoder and interference cancellation). The detailed components for each receiver architecture are different. Refer to section 3 and [8] and [9] for more details about the MMSE-based hard IC receiver and ESE-based soft IC receiver, and the detailed components of each receiver.

Observation 1: The detailed components for each receiver architecture are different.

For the detector, UE detection and channel estimation are common for all detectors. However, other detailed components are detector scheme specific.

Observation 2: UE detection and channel estimation are common for all detectors.

For the MMSE detector, the following additional detailed components are part of the detector:
· Noise estimation
· Noise covariance matrix (if needed)
· MMSE weight calculation
· Equalization (application of MMSE weights)

Proposal 1: For the MMSE detector, the following additional detailed components are part of the detector:
· Noise estimation
· Noise covariance matrix (if needed)
· MMSE weight calculation
· Equalization (application of MMSE weights)

For ESE-based receiver, the following additional detailed components are part of the detector:
· ESE-LLR estimation
· De-spreader (if any)

For ESE-based receiver, the following additional detailed components are part of interference cancellation block:
· Spreader (if any) and calculation of extrinsic information
· User statistics update
· Received signal statistics update

Proposal 2: For ESE-based receiver:
· The following additional detailed components are part of the detector:
· ESE-LLR estimation
· De-spreader (if any)
· the following additional detailed components are part of interference cancellation block:
· Spreader (if any) and calculation of extrinsic information.
· User statistics update
· Received signal statistics update

For IDMA receiver (see [9]) a de-interleaver is included in the detector block, and an interleaver is included in the interference cancellation block.

Proposal 3: For IDMA receiver (see [9]), a de-interleaver is included in the detector block, and an interleaver is included in the interference cancellation block.

For hard IC, the following detailed components are part of interference cancellation block:
· Re-encoding
· Modulation
· Spreading and/or interleaving depending on the NOMA scheme
· Symbol reconstruction
· Interference subtraction

Proposal 4: For hard IC, the following detailed components are part of interference cancellation block:
· Re-encoding
· Modulation
· Spreading and/or interleaving depending on the NOMA scheme
· Symbol reconstruction
· Interference subtraction

In additional to determining the number of executions of the detailed components and order of complexity (in number of DMRS/data symbols, number of REs in one symbol, number of Rx antennas, number of UEs, etc.). It is useful to determine an impact factor for each detailed component. The impact factor considers the computation complexity, and output memory of each detailed component.

Observation 3: The impact factor considers the computation complexity and output memory of each detailed component.

3	Receiver Architecture Complexity
In this section, we present the complexity of the following receivers:
· MMSE-based Hard IC receiver
· ESE-based soft IC receiver
For detailed complexity analysis, please refer to [8] and [9] respectively.
3.1	MMSE-based Hard IC Receiver
3.1.1	Overview
Figure 1 shows a block diagram of an MMSE-based Hard IC receiver. Let the received signal be expressed by:

Where, .  is the channel estimate of user k, and  is the spreading code of user k. During the first iteration, the recovered signal  is 0, and the residual signal . The output of the joint MMSE equalizer is given by:

The output of the equalizer is demodulated and decoded, and the CRC of the decoded data is checked for each user. Users with a passing CRC, will have their signal reconstructed. Signal reconstructions involves:
1. Re-encoding, re-modulating and re-spreading the decoded data.
2. Applying the channel estimate to the re-encoded data to get an estimate of that user’s signal at the input to the receiver.
The recovered signal of users decoded correctly is subtracted from the received signal. This residual signal is used to receive the remaining users.


[bookmark: _Ref510620655]Figure 1: MMES-based Hard IC Receiver.

Proposal 5: For NOMA evaluation consider an MMES-based Hard IC receiver.
3.1.2	Receiver Complexity Table for MMSE-based receiver
Based on the detailed analysis in [8], Table 1 gives the complexity template for MMSE-based hard IC receiver.
[bookmark: _Ref525660273]Table 1: Complexity Template of MMSE-based hard IC receiver.
	[bookmark: _Hlk525229262]Receiver Component
	Detailed Component
	Number of Usage
	Order of Complexity
	Impact Factor

	Detector
	UE Detection
	
	
	CMult: 
CAdd: 

	
	Channel Estimation
	
	
	CMult: 
CAdd: 
Mem:  Complex values

	
	Noise Estimation
	
	
	

	
	MMSE Weight Calculation
	
	
“i” is the iteration number. 
	
Mem:  Complex values

	
	Equalization
	
	
	Cmult: 
CAdd: 
Mem:  Complex values

	Decoder
	LDPC Decoder
	
	
	

	Interference Cancellation
	Re-encoding
	
	
	

	
	Modulation
	
	
	Memory Lookup: 

	
	Spreading
	
	
	CMult: 

	
	Symbol reconstruction
	
	
	CMult: 
Mem:  Complex values

	
	Interference subtraction
	
	
	CAdd: 

	Memory
	Receive Buffer
	
	
	 Complex values
 is the number of buffering instances, e.g. 2 for double buffering.



Numerical example:
Table 2 gives the assumptions used for the numerical evaluation of the complexity of the MMSE-based hard IC receiver. The complexity is given by Table 3.
[bookmark: _Ref525662070]Table 2: Assumptions for the evaluation of the MMSE-base hard IC receiver.
	Parameter
	Value
	Parameter
	Value

	
	12
	
	2

	
	2
	
	12

	
	12 x 12 = 144
	Average Iterations
	1.94

	Max Iterations
	3
	
	12




[bookmark: _Ref525662181]Table 3: Complexity of MMSE-based hard IC receiver.
	Receiver Component
	Detailed Component
	Number of Usage
	Order of Complexity
	Impact factor

	Detector
	UE Detection
	
	
	CMult: 
CAdd: 

	
	Channel Estimation
	
	
	CMult: 6912
CAdd: 3456
Mem: 41472 CV (complex values)

	
	Noise Estimation
	
	
	

	
	MMSE Weight Calculation
	
	
“i” is the iteration number. 
	CMult and CAdd: 1912230
Mem: 41472 CV

	
	Equalization
	
	
	CMult: 10057
CAdd: 10057
Mem: 3456 CV

	Decoder
	LDPC Decoder
	19.6
	
	

	Interference Cancellation
	Re-encoding
	
	
	

	
	Modulation
	
	
	Memory Lookup: 144

	
	Spreading
	
	
	CMult: 1728

	
	Symbol reconstruction
	
	
	CMult:
Mem: 3456 CV

	
	Interference subtraction
	
	
	CAdd: 3456

	Memory
	Receive Buffer
	
	
	Mem: 8064 CV

	
	Total Memory
	
	
	97920 CV



3.2	ESE-based Soft IC Receiver
3.2.1	Overview
Figure 2 shows the block diagram of an ESE-based soft IC receiver. The elementary signal estimator (ESE) [7] estimates the LLR of each UE by assuming other UEs as AWGN using their prior LLR signal estimates. Extrinsic information can be obtained at the output of the despreader or as the soft output of the Turbo decoder. By excluding the decoder from the feedback loop, latency is improved.


[bookmark: _Ref510625097]Figure 2: ESE-based Soft IC Receiver.

Proposal 6: For NOMA evaluation consider an ESE-based Soft IC receiver.

3.2.2	Receiver Complexity Table for ESE-based receiver for IDMA
[bookmark: _GoBack]Based on the detailed analysis in [9], Table 4 gives the complexity template for ESE-based soft IC receiver.
[bookmark: _Ref525668240]Table 4: Complexity Template of ESE-based soft IC receiver.
	[bookmark: _Hlk525229646]Receiver Component
	Detailed Component
	Number of Iterations
	Order of Complexity
	Impact Factor

	Detector
	UE Detection
	
	
	CMult: 
CAdd: 

	
	Channel Estimation
	
	
	CMult: 
CAdd: 
Mem:  CV

	
	ESE LLR
	
	
	RMult: 
RAdd: 
RDiv: 
Mem:  CV

	
	User specific de-interleaver
	
	
	

	
	De-spreader
	
	
	CAdd: ~ 
Mem:  CV

	Decoder
	LDPC Decoder
	 or 
	
	Mem: 

	Interference Cancellation
	Spreader and calculation of the extrinsic information
	
	
	Mem:  CV

	
	User specific interleaver
	
	
	

	
	UE Statistics update
	
	
	RMem: 2
RMult: 2
RAdd: 2
Mem:  CV

	
	Rx signal Statistics update
	
	
	RMult: 
RAdd: 
Mem:  CV and  real values

	Memory
	Receive Buffer
	
	
	 Complex values
 is the number of buffering instances, e.g. 2 for double buffering.



Numerical example:
Table 5 gives the assumptions used for the numerical evaluation of the complexity of the ESE-based soft IC receiver. The complexity is given by Table 6.

[bookmark: _Ref525669264]Table 5: Assumptions for the evaluation of the ESE-base soft IC receiver.
	Parameter
	Value
	Parameter
	Value

	
	12
	
	2

	
	2
	
	12

	
	12 x 12 = 144
	NSF
	4

	Max Iterations
	4
	
	



[bookmark: _Ref525669378]Table 6: Complexity of ESE-based soft IC receiver.
	Receiver Component
	Detailed Component
	Number of Iterations
	Order of Complexity
	Impact Factor

	Detector
	UE Detection
	
	
	CMult: 576
CAdd: 576

	
	Channel Estimation
	12
	
	CMult: 6912
CAdd: 3456
Mem: 41472 CV

	
	ESE LLR
	
	
	RMult: 76032
RAdd: 48384
RDiv: 6912
Mem: 1728 CV

	
	User specific de-interleaver
	48
	
	

	
	De-spreader
	48
	
	CAdd: 1728
Mem: 5184 CV

	Decoder
	LDPC Decoder
	48 or 12
	
	Mem: 5184 CV

	Interference Cancellation
	Spreader and calculation of the extrinsic information
	
	
	Mem: 1728 CV

	
	User specific interleaver
	
	
	

	
	UE Statistics update
	
	
	RMem: 3456
RMult: 3456
RAdd: 3456
Mem: 41472 CV

	
	Rx signal Statistics update
	
	
	RMult: 
RAdd: 414720
Mem: 6912 CV and 3456 real values

	Memory
	Receive Buffer
	
	
	8064

	
	Total Memory
	
	
	110016 Complex Values + 3456 Real Values 



Comparing the results in Table 3 and Table 6, we notice the following,
· Excluding the LDPC decode, the computational complexity of the ESE-based receiver is about 50% more than that of MMSE-based receiver.
· In the ESE-based receiver, with the LDPC decoder part of the iteration loop, the LPDC decoder is executed about 2.5 times that of the MMSE-based receiver. However, in this case, the LPDC decoder only computes the soft LLRs, and can be executed with a fewer number of iterations. Alternatively, the LDPC decoder can be outside the iteration loop, in this case, the LDPC decoder executes about 35% less than that of the MMSE-based receiver.
· The memory of the ESE-based receiver is about 10% to 20% more than that of the MMSE-based receiver.
[bookmark: _Hlk525670499]Based on the previous points, the ESE-based soft IC receiver has 10% to 50% higher complexity than that the MMSE-based hard IC receiver, depending on whether the LDPC decoder is part of the iteration loop or not.
Observation 4: The ESE-based soft IC receiver has 10% to 50% higher complexity than that the MMSE-based hard IC receiver.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]3	Conclusion
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK34][bookmark: OLE_LINK35]We have the following observations and proposals on UL NOMA receiver:
Observation 1: The detailed components for each receiver architecture are different.

Observation 2: UE detection and channel estimation are common for all detectors.

Proposal 1: For the MMSE detector, the following additional detailed components are part of the detector:
· Noise estimation
· Noise covariance matrix (if needed)
· MMSE weight calculation
· Equalization (application of MMSE weights)

Proposal 2: For ESE-based receiver:
· The following additional detailed components are part of the detector:
· ESE-LLR estimation
· De-spreader (if any)
· the following additional detailed components are part of interference cancellation block:
· Spreader (if any) and calculation of extrinsic information.
· User statistics update
· Received signal statistics update

Proposal 3: For IDMA receiver (see [9]), a de-interleaver is included in the detector block, and an interleaver is included in the interference cancellation block.

Proposal 4: For hard IC, the following detailed components are part of interference cancellation block:
· Re-encoding
· Modulation
· Spreading and/or interleaving depending on the NOMA scheme
· Symbol reconstruction
· Interference subtraction.

Observation 3: The impact factor considers the computation complexity and output memory of each detailed component.
Proposal 5: For NOMA evaluation consider an MMES-based Hard IC receiver.
Proposal 6: For NOMA evaluation consider an ESE-based Soft IC receiver.
Observation 4: The ESE-based soft IC receiver has 10% to 50% higher complexity than that the MMSE-based hard IC receiver.
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