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1 Introduction

In RAN2 #97bis, the following agreement on SPS/grant-free was made:
Agreements on grant-free

=>
From RAN2 point of view it would be beneficial to be able to share “SPS/grant free” UL resources amongst different UE.  Mechanism to identify the UE for collision resolution purpose may be needed.   The details can be discussed in RAN1.  
This contribution discusses the MAC-layer aspects of reliable transmission of URLLC data over either grant-based or grant-free resources.
2 Discussion  
Note: To support the low latency requirement of URLLC service, the period of grant-free resources needs to be very short. To efficiently use resources, it is most likely that grant-free resources for URLLC service are shared by multiple UEs. For this reason, in the rest of this contribution, wherever the term “grant-free” is used, it refers to contention-based grant-free resource/transmission, unless noted otherwise.   

2.1 Grant-free vs grant-based transmission
There have been discussions on using grant-free transmission to support URLLC service. The motivation is that a UE can immediately transmit URLLC data over its pre-configured resource as it arrives, without taking the extra step of requesting a UL grant before transmitting the data. This argument holds for a single transmission attempt. But if we take everything into account, we may find grant-free transmission may not have much advantage over grant-based transmission in reliable delivery of low latency data. This is because of the following reasons:

· Because MCS configured for grant-free resources is the same for all UEs sharing the resources, only the lowest MCSs usable to all of those UEs can be configured. This means transmission time over grant-free resource typically is longer than necessary. In addition, because MCS is semi-statically configured and can’t be adapted based on individual UE’s link condition, the reliability of grant-free transmission is likely lower than that of grant-based transmission. This increases the chance of retransmission and hence the total latency.

· Because multiple UEs share grant-free resources, collision can happen if more than one UE transmit over the same resource. When collision happens, UE has to retransmit, which diminishes the advantage of grant-free transmission in latency. This is because typically turn-around time for retransmission is longer than that for a SR.
· UE typically transmits a L1 signal (e.g. a SR, or scrambled DMRS) together with data to help resolve potential collision. Because these L1 signals are either orthogonal or have low correlations between different UEs, gNB can decode them and hence identify the UEs even if there is collision. However, these L1 signals still can fail. If gNB fails to decode a L1 signal, it would not know which UEs have transmitted and can’t take any further actions (i.e. either schedule new data or do nothing). Then UE will not be able to tell for sure whether its transmission is successful or not. Since decoding error rate for L1 signals typically is 10e-3 or higher, this means that transmission over grant-free resources may not meet the reliability required by URLLC service, unless additional signaling is provided.   

On the other hand, if numerology and slot duration for URLLC service are properly chosen, the current grant-based transmission can still be used to meet the delay requirement of URLLC service. The following provides such an example.  Suppose URLLC service is supported on a 60KHz numerology with slot duration of two symbols, and all payloads can be sent in one slot. In addition, assume the turnaround time for both SR and UL grant is one slot (i.e. n+2), and the processing time for data is three slots (i.e. n+3). Then the total time take to finish the first transmission of data is five slots, or 180 usec, as shown in Table 1. According to Table 2, a retransmission takes six slots, or 216 usec, after the previous transmission. Therefore, within the 1ms latency budget of URLLC service, there is enough time for at least three HARQ retransmissions.  This number of retransmissions is enough to meet the reliability requirement of 10e-5 for URLLC service.

Table 1. Total time taken for the first transmission.

	Total time for the first transmission
	Duration (slots)

	Transmission of SR
	1

	Processing time for SR
	1

	Transmission of UL grant
	1

	Processing time for UL grant
	1

	Transmission of data
	1

	Total 
	5


Table 2. Time taken to complete a retransmission

	Total time for a retransmission
	Duration (slots)

	Processing time of data
	3

	Transmission time of a UL grant
	1

	Processing time of a UL grant
	1

	Transmission time of data
	1

	Total 
	6


Based on the above analysis, we can conclude the following:

· For new URLLC data, if no grant-based resource is available when it arrives, transmitting the data over grant-free resource does reduce the latency of the first transmission attempt by one round trip of time, compared to the grant-based approach (i.e. request a UL grant by SR). But if the likelihood of collision is high and link condition is not good, then transmission over grant-free resource may not hold much advantage over grant-based transmission in term of the total latency in reliably delivering URLLC data. It is therefore the best leave the decision on which transmission method to use to UE implementation, instead of always preferring one method over the other. 
· For buffered data, transmitting it over grant-based resource is always more reliable than grant-free ones. Therefore, the grant-based transmission should always be used. 
Proposal 1.  If only grant-free resource is available when new URLLC data arrives, it is up to UE to decide whether to request UL resource by SR or transmit over grant-free resource.
Proposal 2.  If grant-based resources are available or expected to become available, UE always transmits URLLC data over grant-based resource.
2.2 Explicit acknowledgement for grant-free transmission

When transmitting over grant-free resources, UE transmits a L1 signal together with the data. This L1 signal generally is more resilient to collisions than data. Hence gNB can use it to identify a UE even when multiple UEs transmit at the same time over the same resource.  
Case A. L1 signal failure

When L1 signal for grant-free transmission fails, gNB would not be able to tell whether or which UEs have transmitted.  As a result, it will not take any further actions. On the UE side, since gNB does not provide any feedback, UE would not be able to judge whether the silence of the gNB is because its transmission succeeded or failed, unless it expects gNB to provide additional grants. This ambiguity is caused by the way asynchronous HARQ protocol works in NR, i.e. if a transmission is successful and there is no more data to schedule, gNB will not send any feedback to the UE. And UE detects transmission failure by a timer, i.e. if no new or retransmission grant is received before the timer expires, UE considers the transmission successful.  

This ambiguity can be particularly problematic for URLLC service. This is because many expected URLLC applications have small payloads, which can be sent in a single transmission. More importantly, the reliability of most L1 signals is lower than that of URLLC service. This means that the problem described above can’t be ignored.

Case B. Data failure

Another type of ambiguity can happen if L1 signal goes through but data fails to decode. In this case, gNB can identify the UE and conclude that the data has failed. It hence sends a UL grant for retransmission.  But for UE, it would not be able to tell whether this grant is for retransmission or new data. This is because the HARQ protocol indicate these two cases by toggling the NDI bit. In grant-based transmission, no ambiguity can happen, because data is always sent after a grant is received and the value of NDI in the first grant sets a reference. However, in a grant-free transmission, data is sent before a grant. When UE receives a grant, it has no reference to judge if NDI has toggled or not and hence cannot tell whether this grant is for new data or retransmission.
We think this problem can be solved by using some form of explicit acknowledgement for grant-free transmission. It works as follows:
· UE sets a retransmission timer after its transmission over grant-free resource. Once gNB successfully decodes both L1 signal and data, it sends an explicit acknowledgement. If UE receives it before its timer expires, it knows for sure its transmission succeeded and no retransmission is necessary. 

· If L1 signal goes through but data fails, gNB can send a negative acknowledgement to UE to trigger retransmission. 

· If L1 signal fails, gNB can’t identify UE and hence can’t provide any feedback to the UE. On the UE side, if it does not receive anything when its timer expires, it can be certain that its transmission has failed and it should retransmit immediately. 
It is FFS how this explicit acknowledgement is implemented.  A possible solution could be a bit(s) in a regular grant. For example,
· If both SR and data are successful and more data is to be scheduled, the an ACK can be signaled by a bit(s) in the grant for new transmission. If there is no more data to be scheduled, then the ACK can sent in an empty grant.
· If SR goes through but data fails, then gNB can signal a NACK by a bit(s) in the grant for retransmission. This helps avoid the ambiguity described in the Case B above. 
Proposal 3.  Use some form of explicit acknowledgement to ensure reliable transmission of URLLC data over grant-free resources.
2.3 SR for grant-free transmission

When new data arrives, if UE decides to use grant-based transmission, the transmission is done in at least two steps: UE first triggers a SR to request UL resource, then the data is sent after a grant is received. If UE decides to use grant-free resource to transmit the new data (e.g. there is enough power headroom), we think a simple yet effective solution is to combine these two steps into one, i.e. UE transmits SR and data at the same time. This approach has the following advantages:
· It has the least impact on the implementation of the scheduling procedure on the UE side, because new data always triggers SR. The reason is that if other L1 signal is used instead of a SR, after a BSR is triggered by the new data, MAC first has to decide whether the data should be sent using grant-based or grant-free transmission. Only after that it can decide if SR should be triggered. The decision on which type of transmission (grant-free vs grant-based) to use is better made by the lower layer, because the lower layers has more and better information (e.g. link budget, resource availability, etc) than MAC layer to make that decision.
· This approach also has the least impact on the implementation of the scheduling procedure on the gNB side. In the case where SR goes through but data fails, gNB can simply treat the received SR as a request for grant-based transmission and use its baseline procedure to send out a grant. Hence there is no need to differentiate how grant-free and grant-based transmissions should be handled.
· Based on the discussion in [2], we believe URLLC service should be configured with its own dedicated SR resource. This requirement helps make SR for URLLC service more resilient against contention-based transmission than other L1 signals, such as DMRS or other types of RS signals. In addition, because SR is configured in PUCCH, it is sent out-of-band and hence does not impose any overhead in data frames. Whereas other L1 signals such as RS type of signals are carried in PUSCH. They can impose a significant overhead if URLLC data is sent by mini slots. 
Proposal 4.  When transmitting URLLC data over grant-free resource, UE transmits the SR configured for URLLC service at the same time.
3 Summary
Based on the above discussions, we recommend RAN2 to discuss the following proposals: 
Proposal 1. If only grant-free resource is available when new URLLC data arrives, it is up to UE implementation to decide whether to request UL resource for the data or transmit the data over grant-free resource.

Proposal 2. If grant-based resource is available or expected to become available, UE always transmits URLLC data over grant-based resource.
Proposal 3. Use some form of explicit acknowledgement to ensure reliable transmission of URLLC data over grant-free resources. 
Proposal 4. When transmitting URLLC data over grant-free resource, UE transmits the SR configured for URLLC service at the same time. 
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