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Introduction
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]mMTC is one of the key application scenarios of 5G [1]. In order to meet the requirements of mMTC, such as low cost, low power consumption, grant-free access is preferred due to the low signalling overhead and ultra-lean transmitter [2]. In RAN1 #85 meeting, it was agreed that 
· Autonomous/grant-free/contention based UL non-orthogonal multiple access has the following characteristics
· A transmission from UE does not need the dynamic and explicit scheduling grant from eNB
· Multiple UEs can share the same time and frequency resources
· For autonomous/grant-free/contention based UL non-orthogonal multiple access, the following should be studied
· Collision of  time/frequency resources from different UEs, solutions potentially including 
· E.g., code, sequence, interleaver pattern
· UL synchronization (DL synchronization assumed)
· Case 1: Timing offsets between UEs are within a cyclic prefix
· Case 2: Timing offsets between UEs can be greater than a cyclic prefix, FFS the exact model of timing offsets 
· Requirement for power control
· Case 1: Perfect open-loop power control, i.e., equal average SNR between UEs for potentially link level calibration
· Case 2: Realistic open-loop power control with certain alpha and P0 values
· Case 3: Close-loop power control
· Receiver impact
Although the above agreements described some of the characteristics of grant-free access, the exact definition of grant-free is still not quite clear for reaching a common understanding. This contribution will further explain our views on the grant-free multiple access for mMTC.
Clarifications of the grant-free concept
The characteristics of autonomous/grant-free/contention based UL non-orthogonal multiple access are defined as: 1) a transmission from UE does not need the dynamic and explicit scheduling grant from eNB; 2) multiple UEs can share the same time and frequency resources. The first bullet in the agreement describes the concept of grant-free, and the second bullet explains the concept of non-orthogonal.
The first bullet can be interpreted differently, i.e., grant-free may refer to semi-persistent scheduling (SPS), random access channel-free (RACH-free), or contention-based. 
In SPS-based access, PRB resources are persistently assigned to a user for its UL transmission. The UE does not need the dynamic and explicit scheduling grant from eNB once the periodic resource allocation has been assigned. SPS is a feature that significantly reduces control channel overhead for applications that require persistent resource allocations of small packets such as VoIP [3]. However, for the mMTC scenario, most of the communications are sporadic, i.e., few of them being active at a relatively long time duration. The transmitted packets are usually with low data rate and small sizes. In order to support massive connections at system level, each UE has to release the connection and go to deep sleep state once the data transmission is completed.  SPS-based scheme is apparently not efficient in this kind of aperiodic communications, as shown in Figure 1. 
Furthermore, if the SPS-based access is performed for the mobile UEs characterized by frequent cell switching, each time the UEs have to request the resources for SPS. Obviously, this would increase the signalling overhead and processing complexity. Consequently, the power consumption and cost of UE is increased, and the spectrum efficiency is limited. Hence, SPS-based schemes are not suitable for the NR mMTC scenarios which demand the massive connections with low cost and low power consumption.


[bookmark: _Ref458101888]Figure 1 Illustration of inefficiency of SPS for mMTC.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In our opinion, true grant-free should be RACH-free. It should allow the UEs to transmit their packets at any time. For the candidates schemes in NR multiple access, the non-orthogonality is mainly based on code domain spreading or interleaving diversity. The UEs should be allowed to randomly choose a code/sequence or a pattern of interleaver from a pool known to eNB and UE beforehand. A RACH-free MUSA was proposed in [5], and the concept is illustrated in Figure 2. The characteristics of RACH-free access are 1) on the UE side, a UE can randomly choose a code/sequence from a predefined pool. Once the small packet is successfully transmitted, it will return to deep sleep mode. Neither RACH nor closed-loop power control is needed; 2) on the eNB side, no dynamic or explicit scheduling grant is needed. The number of active users, the spreading code of each user and the channel information of each user are not known.
RACH-free MUSA is more desirable for 5G mMTC in the sense that: 1) Energy efficient on the UE side, i.e., UE is free to send the small data packet at any time, and then go back to deep sleep state when there is no data to be transmitted; 2) UE can be designed with very low cost, while the complexity is mainly absorbed to the eNB side; 3) Signalling overhead and transmission latency are reduced since there is no or little need for scheduling procedures.
[image: ] [image: ]
[bookmark: _Ref458101779]Figure 2 RACH-free MUSA for mMTC. 
Observation 1: SPS-based multiple access is not suitable for NR mMTC scenarios.
Observation 2: In comparison with the contention-based random access, RACH-free access is preferable to achieve “true” grant-free massive connections.
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Proposal 1: In “true” grant-free access, a UE is allowed to randomly/autonomously choose a code/sequence or a pattern of interleaver from a pool known to eNB and UE beforehand.
Proposal 2: RACH-free MUSA is suitable for mMTC scenario in order to support massive connection and to reduce the signalling overhead and UE’s power consumption and cost .
Analysis on the design of spreading pool


For grant-free non-orthogonal multiple access, it is critical to consider the collision between different UEs who happen to choose the same code/sequence or a pattern of interleaver. The collision probability mainly depends on the size of pool. Assuming that the pool size is N and M UEs randomly choose codes/sequences or patterns of interleaver from the pool, the collision probability can be calculated as with the arrangement. It can be found in Figure 3 that, the larger the pool size, the lower the collision probability, and therefore more UEs can potentially be supported to share the same resource block. Meanwhile, the complexity of blind multi-user detection increases significantly as the pool size grows. Therefore, the pool size should be set to reasonable values in order to achieve massive connection while limiting the complexity of blind multi user detection (MUD).
[image: ]
[bookmark: _Ref458151622]Figure 3 Illustration of collision probability versus pool size for different UE numbers.

MUSA with short complex-valued spreading sequence can be designed to have relatively large codebook size with low cross-correlations. Compared with the PN sequence (real values picked from {-1, 1}) or sparse code-based pattern [6] (real values picked from {1, 0}), complex-valued sequence (both real and imaginary values picked from {-1, 0, 1}) can provide larger pool size for the same code length. Table 1 lists some the expected pool sizes (defined as number of supported normalized sequences whose cross-correlation is no more than a certain threshold , to accomplish the required SINR difference for user separation based on SIC) for complex-valued code, PN code and sparse code-based pattern. 
[bookmark: _Ref458154647]Table 1 Numbers of supported low-correlated sequences for 4-length codes.
	
Threshold of cross-correlation 
	Expected pool size 

	
	Complex-valued code
	PN code
	Sparse code-based pattern

	0.5
	20
	8
	6

	
0.7071()
	60
	8
	11

	0.8
	156
	8
	11


The number of low-correlated sequences determines the overloading factor which is defined as the number of UEs sharing the same resource block divided by the length of spreading sequence. To achieve the similar pool size and overloading capability as the complex-valued code, the length of PN code or sparse code-based pattern needs to be significantly enlarged.. For example, assuming that 300% overloading factor is the target, it is necessary to support 12 users for short (e.g. 4-length) spreading scheme while 48 users for long (e.g. 16-length) spreading scheme. As the number of users increases, the complexity of receiver is increased, the processing delay gets longer, and the performance is degraded due to the error propagation of SIC. Furthermore, short spreading code can be readily combined with multiple antennas to further decrease the cross-correlation and thus enhance the overloading capability, and two-level spreading code can be well-designed based on the short spreading to further extend the coverage.

For the length-4 complex-valued spreading sequence, the pool size can be set to 156. Although the collision probability of code selection for 300% overloading factor (12 UEs) is not small, i.e., about 35% as observed from Figure 3, the actual impact may not be very serious [7][8][9]. For example in MUSA, SIC-type receiver can be applied to detect multiple UEs, even if the UEs have chosen the same spreading code. This is done by taking the advantage of power domain differences and spatial degrees of freedom. Therefore for the SIC-based schemes such as MUSA, code collision matters only when the following conditions are met: 1) they choose the same code; 2) their SINR difference is very small; 3) their spatial channel responses are strongly correlated for the MIMO cases. 
Table 2 Examples of collision probability versus number of UEs choosing the same spreading code.
	

	Number of conflicting UEs in terms of code

	
	0
	2
	3
	4
	≧5

	12 UEs choosing from 156 pool size
	0.6463
	0.345
	0.0086
	
≈
	
≈

	6 UEs choosing from 15 pool size
	0.3165
	0.6072
	0.0722
	0.004
	
≈

	6 UEs choosing from 6 pool size
	0.0155
	0.6174
	0.3150
	0.0480
	0.0039




Table 2 shows some examples of collision probability versus number of UEs choosing the same spreading code for different total number of UEs and pool sizes. It can be found that the likelihood of more than 2 UEs choosing the same spreading code is only about 0.86%, when 12 UEs (300% overloading) randomly choose the codes from the pool with the size of 156. The actual collision probability can be further reduced as, since the probability of two UEs having the same SINR  may not be very high for the grant-free cases when there is near-far effect. However, for the pool size of 6 or 15, even if there are only 6 UEs (150% overloading), the actual collision probability is still quite high, and thus the overloading factor is limited for the true grant-free scenarios. 

Observation 3: The code, sequence, interleaver pool should be reasonably set, in order to reduce the collision probability and limit the complexity of blind MUD.
Proposal 3: Short complex-valued spreading sequence can support well both grant-free and massive connection at the same time, and thus should be considered for NR multiple access in mMTC scenario.
Conclusions
Grant-free non-orthogonal access schemes are preferable for the design of new multiple access in 5G. The detailed definition of grant-free is still not clear enough during the discussion from the last two meetings. In this contribution, we gave further clarification of the concept of grant-free. Some guidance on the design of the code/sequence/pattern pool was also provided.
We make the following observation and proposals:
Observation 1: SPS-based multiple access is not suitable for NR mMTC scenarios.
Observation 2: In comparison with the contention-based random access, RACH-free access is preferable to achieve ”true”  grant-free massive connections.
Observation 3: The code, sequence, interleaver pool should be reasonably set, in order to reduce the collision probability and limit the complexity of blind MUD.
Proposal 1: In “true” real grant-free access, a UE is allowed to randomly/autonomously choose a code/sequence or a pattern of interleaver from a pool known to eNB and UE beforehand.
Proposal 2: RACH-free MUSA is suitable for mMTC scenario in order to support massive user connection and reduce the signalling overhead and UE’s power consumption and cost.
Proposal 3: Short complex-valued spreading sequence can support well both grant-free and massive connection at the same time, and thus should be considered for NR multiple access in mMTC scenario.
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