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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#86, the following agreements on the study of UL grant-free transmissions were achieved [1]: 
· Continue study at least the following: 
· Handling of  potential collisions of MA signatures
· Retransmission/repetition and potential combining, e.g. HARQ
· Potential link adaptation, e.g. MCS/signature re-assigning
· Relationship between grant-free and grant-based transmissions and associated UE behavior
· Advanced receiver capabilities including complexity analysis
[bookmark: _Ref129681832]Advanced receiver capabilities including complexity analysis is necessary for UL grant-free transmission. In this contribution, we discuss different types of advanced multi-user detection (MUD) receivers and their application in UL grant-free transmission. 
Receiver Procedure for UL Grant-free
For UL grant-free transmission, eNB does not have prior information about which UEs will transmit. In our companion contribution [2], it presents a receiver procedure for UE activity detection as shown in Figure 1, in which eNB will first detect the UE activity, and then do the data detection.  
[image: ]
Figure 1. Example of receiver procedure for UL grant-free
UE Activity Detection
As discussed in [2], RS can be used by eNB to decide which UEs transmit on the physical resources of UL grant-free. As RS will only be transmitted by active UEs, it is the indicator of UE activity. Due to the interference and noise, some active UEs may be regarded to be inactive, and vice versa. We referred to these UEs as miss-detected UEs and false-alarmed UEs, respectively. As a general detection problem, there will be a tradeoff between the miss detection and false alarm, as shown in Figure 2. On the one hand, the number of miss-detected UEs should be as small as possible, as the packets transmitted by these UEs will be dropped. On the other hand, the smaller number of miss-detected UEs will lead to larger number of false-alarmed UEs. With more false-alarmed UEs, the receiver complexity and the processing latency will be higher. Thus, the UE activity detection should achieve a good tradeoff between miss-detection and false-alarm. 
Observation 1: UE activity detection should achieve a good tradeoff between miss-detection and false-alarm.


Figure 2. Tradeoff between miss-detection and false-alarm for UE activity detection

Data Detection
Given the UE activity detection, the general MUD problem is given by

where  is the set of active UEs,  is the channel matrix, is the vector of transmitted signal, and  is the noise vector. 
Firstly, the MUD receiver should support overloading scenarios for grant-free at least for UL mMTC, i.e.,  is rectangular and has more columns than rows. In [3] and [4], many advanced MUD receivers for non-orthogonal multiple access have been introduced, including SIC, PIC, MPA, MMSE, and their combinations. These receivers have been shown to support high overloading and provide tradeoffs between link performance and implementation complexity. These receivers can also be used for grant-free transmission. 


Figure 3. Example of factor graph with signature collision
Secondly, as there is no explicit scheduling for grant-free, the signature assignment is likely to be a problem if only relying on pre-defined rules or UE-specific semi-statistic configuration when overloading. Therefore, multiple UEs may choose the same signature, e.g., codebook, sequence, interleaver, and so on. Thus, the MUD receivers for grant-free should be robust to signature collision. Figure 3 shows an example of factor graph with signature collision. There are 6 variables nodes (VNs) which represent 6 UEs, and 4 function nodes (FNs) which represent 4 resources. The factor graph means every two UEs choose the same SCMA codebook. With signature collision, the maximum degree of FNs can be higher than the case without signature collision. In Figure 3, the degree of the second and the third FNs is 4, and the maximum degree is 3 if there is no signature collision. 
Note the signature collision does not include RS collision, which has been discussed in [2]. 
Observation 2: The MUD receivers for grant-free should be robust to signature collision.

MUD Receivers under Signature Collision
In this section, we evaluate the LLS performance of different MUD receivers under signature collision, and the evaluation parameters for the LLS are listed in Table 1 in the Appendix. The following MUD receivers will be investigated: MMSE-SIC, SIC-MPA and EPA. EPA (expectation propagation algorithm [5]) is a low complexity message passing algorithm similar to MPA. More details and complexity analysis of EPA is provided in the Appendix. For simplicity, one representative MA scheme is considered for each receiver. For MMSE-SIC receiver, the considered MA scheme is MC-CDMA. For SIC-MPA and EPA receiver, the MA scheme is SCMA. In the simulation, the SE per UE is fixed to be 0.2 bps/Hz. 
MMSE-SIC
Signature collision will increase the correlation between UEs, which can cause performance loss to the MMSE-SIC receiver. Assume there are 4 UEs, and each UE chooses a spreading sequence from one of the following sequences: 

Three scenarios with different collision levels are considered here: no collision, collision between 2 UEs, and collision between 4 UEs. No collision means the 4 UEs choose , , , , respectively. Collision between 2 UEs means the 4 UEs choose , , , , respectively. Collision between 4 UEs means the 4 UEs choose , , , , respectively. As shown in Figure 4, collision between 2 UEs will cause about 1dB loss compared with no collision, and collision between 4 UEs will cause about 6 dB loss at BLER equals to 0.1.  
[image: ]
Figure 4. BLER curves of MMSE-SIC (SE=0.2bps/Hz per UE, Realistic Channel Estimation)

[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Observation 3: For UL grant-free transmission, MMSE-SIC receiver suffers from signature collision. 
SIC-MPA
For UL grant-free transmission based on SCMA, each UE may choose any of the 6 codebooks. It has been shown that SCMA is robust to codebook collision in [6] and [7] with SIC-MPA receiver.  In Figure 5, we compare the BLER performance with fixed and random codebook allocation under different traffic load. As fixed codebook allocation has the minimum collision level, it can act as a lower bound to the random codebook allocation. MPA receiver is applied for the case of fixed codebook allocation, and SIC-MPA receiver is applied for the case of random codebook allocation.  As the complexity of SIC-MPA is on the order of , where  denotes the maximum degrees of FNs allowed in each round of MPA decoding, it becomes much higher when  increases. The results show that SIC-MPA receiver with random codebook allocation can perform close to MPA receiver with fixed codebook allocation. This means SIC-MPA receiver is robust to signature collision and can be applied for UL grant-free transmission. The results also show that SIC-MPA with  can achieve a good tradeoff between performance and receiver complexity. 
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(a). 4UE										(b). 6UE
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(c). 8UE										(d). 12UE
Figure 5. BLER curves with SIC-MPA receivers (SE=0.2bps/Hz per UE, Ideal Channel Estimation)
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Observation 4: For UL grant-free transmission, SIC-MPA receiver is robust to signature collision. 

EPA
According to the analysis in the Appendix, the complexity of EPA is on the order of , which is much lower than the full-MPA. In Figure 6, the BLER performance of MPA and EPA receiver are compared under different traffic load. For fair comparison, the number of outer-loop iterations is fixed to be 3. It can be observed that EPA and MPA have similar performance with fixed codebook allocation, and EPA with random codebook allocation has negligible performance loss compared with fixed codebook allocation. Note with random codebook allocation, the maximum degrees of FNs can be very large. EPA is another option of low complexity receiver besides SIC-MPA, which has linear complexity w.r.t. the modulation order as well as the maximum degree of FNs.  The results in Figure 6 show that though with linear complexity, EPA receiver is robust to signature collision and is very suitable to  be applied for UL grant-free transmission.
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(a). 4UE										(b). 6UE
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(c). 8UE										(d). 12UE
Figure 6. BLER curves with EPA receivers (SE=0.2bps/Hz per UE, Realistic Channel Estimation)

[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Observation 5: For UL grant-free transmission, EPA receiver is robust to signature collision and has linear complexity w.r.t. modulation order and the number of collisions on each RE.

Conclusions
Based on the above discussions and those in [3] and [4], we have the following observations:
Observation 1: UE activity detection should achieve a good tradeoff between miss-detection and false-alarm.
Observation 2: The MUD receivers for grant-free should be robust to signature collision.
Regarding the performance of different receiver types on the tolerance to signature collision, we have
Observation 3: For UL grant-free transmission, MMSE-SIC receiver suffers from signature collision.
Observation 4: For UL grant-free transmission, SIC-MPA receiver is robust to signature collision.
Observation 5: For UL grant-free transmission, EPA receiver is robust to signature collision and has linear complexity w.r.t. modulation order and the number of collisions on each RE.
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Appendix
The evaluation parameters for the LLS are listed in Table 1.
[bookmark: _Ref450656597][bookmark: _Ref450656593]Table 1. Evaluation parameters – LLS for UL
	Parameters 
	Values or assumptions 

	Carrier Frequency 
	2 GHz 

	Waveform 
	OFDM

	Numerology 
	Same as Release 13 

	System Bandwidth 
	10 MHz 

	Transmission Bandwidth 
	4RB

	Target spectral efficiency 
	Per UE spectral efficiency: 0.2 bps/Hz 

	Channel coding
	LTE Turbo

	BS antenna configuration 
	2 Rx 

	UE antenna configuration 
	1Tx 

	Transmission mode 
	TM1 (refer to TS36.213) 

	SNR distribution of Multiple UEs 
	Equal SNR

	Number of Multiplexed UEs
	4, 6, 8, 12

	Propagation channel & UE velocity 
	TDL-A 30ns

	Max number of HARQ transmission 
	1

	Channel estimation
	Realistic or Ideal



1. EPA Receiver
EPA is a technique in Bayesian machine learning for approximating posterior beliefs with exponential family [x]. Mathematically, the projection of a particular distribution p into some distribution set Φ is defined as 

Where  denotes the Kullback-Leibler divergence. If , then the projection reduces to an identity mapping. However, in general,  and hence the distribution projection is a nonlinear operation. 
We first give an overview of the message passing procedure of MPA algorithm. As shown in Figure 7, assume that  is the symbol at VN ， is the received symbol at FN , and let  be the set of neighboring VNs of ， be the set of neighboring FNs of . During the t-th iteration, the message passed from  to  is given by

where  is the prior information coming from the channel decoder, and  is the message from other FNs in . The message passed from  to  is given by

where  denotes the probability of receiving symbol  when vector  is transmitted. The bottleneck of complexity is to calculate the Equation (3). 


Figure 7. Example of message passing between FNs and VNs
With EPA algorithm [5], the message update function can be written as:


where  and  is given by the left part of (2) and (3), respectively.
Let  be the set of complex Gaussian distribution, which is given by 

Then,  can be described by the mean and variance as follows:


Both 和 can be approximated with Gaussian distribution, which are denoted as  and , respectively. With the above approximation, (4) can be rewritten as 

then we have 


where  are from the (t-1)-th iteration.
Similarly, (5) can be rewritten as

where the mean and variance can be calculated as follows


The message passing procedures of MPA and EPA are summarized in Table 2. It can be observed that the complexity of all the equations for EPA is linear to the modulation size and the number of UEs, thus the complexity is much reduced for grant-free scenarios. Detailed complexity analysis on the other advanced receivers has been given in [4]. Here the complexity of EPA is summarized in Table 4, with the parameters defined in Table 3.
 Table 2: Message passing procedures of MPA and EPA
	
	MPA
	EPA

	VNFN
	(2)
	(6), (7), (8), (9)

	FNVN
	(3)
	(10), (11)



Table 3: Key parameters in the complexity order analysis.
	Parameters
	Description
	Example values

	
	Number of receiver antennas
	2, 4, 8, etc.

	
	Spreading length of a spreading block
	4, 8, etc.

	
	Number of users/layers
	UL: 6, 12, etc.
DL: 2, 3, etc.

	
	Including inner-loop and number of EPA rounds
	6, 9, 18, etc.

	
	Constellation size
	4, 8, 16, etc.

	
	Degree of FN nodes
	1, 2, 3, etc.



Table 4: Complexity analysis of EPA receiver
	Rx Type
	Operation Complexity Order per spreading block
(Only dominant part considered)

	EPA
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