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[bookmark: _Toc494385760]Introduction
In this paper, we discuss techniques for reliability in the MAC layer. Higher layer solutions, based on packet duplication on PDCP layer, are treated in another paper [1]. 
[bookmark: _Ref178064866][bookmark: _Toc494385761]Discussion
[bookmark: _Toc494385762]Overview
In LTE, retransmission mechanisms to ensure a reliable communication are already in-place on different layers. In MAC layer, HARQ-based retransmission is necessary since BLER target for each transport block is usually set to 10%, even if URLLC will use a lower target BLER – there will be a need for retransmissions. Retransmission are triggered when HARQ NACK or UL grants (for asynchronous UL operation) are received, and this leaves a lower residual BLER than a single transmission. The RLC AM mode can further capture the remaining errors. The issue is that the latency introduced by retransmissions, especially at the RLC layer, could be too large for the latency performance targets identified for URLLC. 
If a strict latency bound is put on the delivery of packet (transport block), this corresponds to a smaller number of retransmissions opportunities being possible in HARQ, and hence a stricter BLER requirement on each packet transmission. In 3GPP TR 38.913, the NR URLLC requirement is an error rate of 10-5 within 1ms. Only one HARQ-based transmissions can be supported within the 1ms latency bound with 2/3-OS sTTI. On the top of the strictest target, we should also support a relaxed latency requirement, such as an error rate of 10-5 within 10ms. More but still a limited number of HARQ-based transmissions can be supported within the 10ms latency bound. The URLLC BLER target per packet transmission should therefore be changed to reflect (a) the number of HARQ RTTs possible within latency target without packet repetitions and (b) the quantity of packet repetitions possible within the latency target assuming a single HARQ RTT. 
In summary, the reliability requirement is coupled together with a latency requirement. As per work-item description, the solutions should support configurable reliability and latency combinations. Moreover, the work-item description also states that “the solutions should be specified on top of the existing LTE air interfaces, existing LTE latency reduction techniques and URLLC learning from NR.“
In this paper, we introduce relevant reliability enhancement tools, mainly from learnings in NR URLLC and those improvements that can be incorporated into the existing LTE air interface and existing latency reduction techniques. These tools aim to achieve the configurable reliability and latency combinations.  Some latency reduction techniques are also discussed to achieve the coupled reliability and latency requirement. Other general latency-reduction techniques are in our companion paper [2].
[bookmark: _Toc494385763]UL Repetition
[bookmark: _Toc492481979][bookmark: _Toc492483220][bookmark: _Toc492483472][bookmark: _Toc492483729][bookmark: _Toc492987553][bookmark: _Toc492987557][bookmark: _Toc492994510][bookmark: _Toc492999884]In NR, it has been agreed that for an UL transmission scheme with dynamic grant or without dynamic grant (i.e., configured SPS-grant), K repetitions including initial transmission for the same transport block are supported. It is used to repeat multiple transmissions without HARQ feedback so that more transmissions can happen in the latency target and the overall reliability is increased. 
In the following table, we show an example of the one-way latency for UL SPS data transmission in FDD, where eNB process timing is the same as the UE process timing (n+4 or n+3). With 1 TTI SPS periodicity, we assume one TTI initial alignment delay, i.e., the time between data arrival and transmission of that data.
[bookmark: _Hlk492644637]Table 1: FDD one-way latency for data transmission for SPS UL with 1 TTI periodicity.
	Latency (ms)
	Number of tx
	Rel-14 normal processing (n+4)
	Rel-15
Reduced processing (n+3)

	HARQ-based



	1st tx
	5
	4

	
	1 retx
	13
	10

	
	2 retx
	21
	16

	
	3 retx
	29
	22

	Repetition-based

	1st tx
	5
	4

	
	1 repetition
	6
	5

	
	2 repetitions
	7
	6

	
	3 repetitions
	8
	7


In the above table of HARQ-based approach, one extra round of retransmission increases the latency by one HARQ RTT, i.e., 8 ms for Rel-14 and 6 ms in Rel-15. For repetition-based approach, only one TTI latency is increased for one more repetition. 
[bookmark: _GoBack]Suppose BLER for each SPS PUSCH transmission is 1% and independent (re)-transmissions, one additional retransmission/repetition gives 10-4 BLER (lower if transmissions are combined, and higher if there is correlation between block errors), two re-transmissions/repetitions are needed to reach a target BLER of    10-6 (less than the 10-5 requirement, again combining transmissions will give lower BLER and correlation between the transmissions will give higher BLER). If we want to reach the target of an error rate of 10-5 within 10ms, only a repetition based scheme can be used since any attempt to use a HARQ based scheme to reach the target BLER will require much more than 10ms (see Rel-15 column of Table 1). 
If users were dynamically scheduled, there is the extra uncertainty of decoding error of PDCCH which will effectively serve to further increase the latency experienced when attempting to realize the target BLER using HARQ based retransmissions. As such, it is clear that the target BLER and latencies expected for URLLC will require the use of a transport block repetition scheme.
In legacy LTE, transport block repetition is already supported by TTI bundling. In TTI-bundling, a UE sends four copies of one transport block with a fixed RV pattern. Each additional copy is treated as one non-adaptive retransmission, that is, the same MAC procedure to produce a non-adaptive retransmission is reused. A retransmission of TTI-bundling (i.e., the UE sends all four copies of one transport block a second time) is also a TTI-bundled transmission. Although the initial motivation for TTI bundling is to improve uplink coverage, the same framework can be re-used to save specification workload.
[bookmark: _Toc493003696][bookmark: _Toc493005103][bookmark: _Toc493147942][bookmark: _Toc493147949][bookmark: _Toc493149820][bookmark: _Toc493573870][bookmark: _Toc493689913][bookmark: _Toc493689937][bookmark: _Toc493690157][bookmark: _Toc493692031][bookmark: _Toc493692732][bookmark: _Toc493693844][bookmark: _Toc493833799][bookmark: _Toc493833822][bookmark: _Toc493835341][bookmark: _Toc493835936][bookmark: _Toc493835974][bookmark: _Toc493860957][bookmark: _Toc493863306][bookmark: _Toc493864169][bookmark: _Toc494116376][bookmark: _Toc494118127][bookmark: _Toc494118344][bookmark: _Toc494276446][bookmark: _Toc494276450][bookmark: _Toc494276454][bookmark: _Toc494276981][bookmark: _Toc494276987][bookmark: _Toc494297965][bookmark: _Toc494298737][bookmark: _Toc494303134][bookmark: _Toc494303184][bookmark: _Toc494303188][bookmark: _Toc494373580][bookmark: _Toc494373587][bookmark: _Toc494373598][bookmark: _Toc494373607][bookmark: _Toc494383576][bookmark: _Toc494383585][bookmark: _Toc494383588][bookmark: _Toc494383595][bookmark: _Toc494383600][bookmark: _Toc494385796][bookmark: _Toc494385799][bookmark: _Toc494385802][bookmark: _Toc494385805][bookmark: _Toc494385808]Build on and extend legacy LTE TTI-bundling framework with transport block repetition to support ultra high-reliability.
In the current specification, the number of repetitions is fixed within the MAC specification and is equal to four. First, an UE can carry both eMBB data and URLLC data, and configuring repetition for eMBB data is an unnecessary waste of resources.  Second, the number of needed repetitions for URLLC data might be different for different latency-reliability requirements and channel conditions.  Limiting the use of a variable repetition based transmission scheme to URLLC data is therefore seen to be beneficial.
[bookmark: _Toc493860959][bookmark: _Toc493860960][bookmark: _Toc493863308][bookmark: _Toc493864171][bookmark: _Toc494116378][bookmark: _Toc494118129][bookmark: _Toc494118346][bookmark: _Toc494383577][bookmark: _Toc494383586][bookmark: _Toc494383589][bookmark: _Toc494383596][bookmark: _Toc494383601][bookmark: _Toc494385797][bookmark: _Toc494385800][bookmark: _Toc494385803][bookmark: _Toc494385806][bookmark: _Toc494385809][bookmark: _Toc493573872][bookmark: _Toc493689915][bookmark: _Toc493689939][bookmark: _Toc493690159][bookmark: _Toc493692032][bookmark: _Toc493692734][bookmark: _Toc493693846][bookmark: _Toc493833801][bookmark: _Toc493833824][bookmark: _Toc493835343][bookmark: _Toc493835938][bookmark: _Toc493835976][bookmark: _Toc494276448][bookmark: _Toc494276452][bookmark: _Toc494276456][bookmark: _Toc494276982][bookmark: _Toc494276988][bookmark: _Toc494297966][bookmark: _Toc494298738][bookmark: _Toc494303135][bookmark: _Toc494303185][bookmark: _Toc494303189][bookmark: _Toc494373581][bookmark: _Toc494373588][bookmark: _Toc494373599][bookmark: _Toc494373608][bookmark: _Toc492477013][bookmark: _Toc493495313][bookmark: _Toc493495658][bookmark: _Toc493495666]A variable number of repetitions in TTI-bundling for URLLC data should be supported and is to be controlled by the eNB. 

[bookmark: _Toc494385764]Reliable feedback for UL SPS sTTI
For UL SPS sTTI, it has been agreed that “PHICH-less asynchronous UL HARQ for sPUSCH is supported” and “RAN2 sees benefits to support SPS for short TTI”. In addition, RAN1 agreed that “PHICH-less asynchronous HARQ for UL is used for 1ms TTI with shortened processing time”. These latency-reduction techniques are essential tools and building blocks to further increase the reliability for URLLC based data transmissions since more retransmissions can possibly happen within a restricted latency-budget. 
[bookmark: _Toc494385794]PHICH-less UL SPS for short TTI and 1ms TTI with short processing time can be used for URLLC.

In UL SPS transmission with SkipUplink being configured in LTE, eNB does not expect a transmission in every resource specified by the configured grant, and thus does not react if a transmission is not detected at eNB. In order to cover the potential error case that the not-detected transmission attempt was actually a non-decodable transmission, LTE rel-14 assumes that the eNB reacts to that with sending a NACK on PHICH, and only sends an ACK on PHICH if an UL MAC PDU is correctly received.  In other words, an eNB can be expected to always sends NACK on PHICH unless an MAC PDU is successfully received. On the UE side, UE only inspects PHICH channel after it initiates an UL transmission, and acts accordingly. 
Considering the high reliability requirements of URLLC data transmissions and noting that the PHICH channel may not always be supported, we need to investigate how to support asynchronous UL HARQ without PHICH for the case of SPS for short TTI and 1ms TTI with short processing time. If SkipUplink is configured and there is no PHICH channel, then eNB does not react if a transmission is not detected. Thus, UE cannot be certain whether the initial UL transmission has been correctly detected or not. 
[bookmark: _Toc494385795]For an UL SPS without PHICH and configured with SkipUplink, UE cannot be certain whether the UL transmission has been correctly detected. 
[bookmark: _Toc493864172][bookmark: _Toc494116379][bookmark: _Toc494118130][bookmark: _Toc494118347][bookmark: _Toc494276449][bookmark: _Toc494276453][bookmark: _Toc494276457][bookmark: _Toc494276984][bookmark: _Toc494276990][bookmark: _Toc494297968][bookmark: _Toc494298740][bookmark: _Toc494303137][bookmark: _Toc494303187][bookmark: _Toc494303191][bookmark: _Toc494373582][bookmark: _Toc494373589][bookmark: _Toc494373600][bookmark: _Toc494373609][bookmark: _Toc494383578][bookmark: _Toc494383587][bookmark: _Toc494383590][bookmark: _Toc494383597][bookmark: _Toc494383602][bookmark: _Toc494385798][bookmark: _Toc494385801][bookmark: _Toc494385804][bookmark: _Toc494385807][bookmark: _Toc494385810]For an UL SPS without PHICH and configured with SkipUplink, study how to support a reliable HARQ feedback scheme appropriate for URLLC data transmission.
[bookmark: _Toc494385765]Conclusion
In the previous section, we made the following observations 
Observation 1	PHICH-less UL SPS for short TTI and 1ms TTI with short processing time can be used for URLLC.
Observation 2	For an UL SPS without PHICH and configured with SkipUplink, UE cannot be certain whether the UL transmission has been correctly detected.

and propose that
Proposal 1	Build on and extend legacy LTE TTI-bundling framework with transport block repetition to support ultra high-reliability.
Proposal 2	A variable number of repetitions in TTI-bundling for URLLC data should be supported and is to be controlled by the eNB.
Proposal 3	For an UL SPS without PHICH and configured with SkipUplink, study how to support a reliable HARQ feedback scheme appropriate for URLLC data transmission.
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