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Introduction
In RAN1 AH Meeting [1], the following was agreed for URLLC:
Agreements:
· For an UL transmission scheme without grant
· at least semi-static resource (re-)configuration is supported
· FFS: The resource configuration includes at least physical resource in time and frequency domain and RS parameters
· Higher-layer signaling could be similar to Rel-8 LTE SPS
· FFS: MCS
· RS is transmitted together with data
· channel structure of grant-based data transmission can be starting point
· For an UL transmission scheme with/without grant
· K repetitions including initial transmission (with the same or different RV and FFS with different MCS) (K>=1) for the same transport block are supported, 
· FFS the way K is determined
· FFS: hopping mechanisms over the transmissions


In our previous contribution [2] we discussed various options for scheduling and HARQ schemes for both DL and UL URLLC and provide an analytical comparison of these schemes on the basis of such KPIs as reliability, latency, and spectral efficiency. In this contribution we focus on HARQ aspects of UL grant-free transmissions for URLLC. To this extent we discuss various HARQ schemes, and provide an analytical based comparison of these schemes.   
Uplink Scheduling and HARQ schemes
In our previous contribution [2], we considered both grant-free as well as grant-based schemes for UL URLLC and through analysis showed that the additional latency associated with the SR-SG process in grant-based schemes makes it difficult to meet the 0.5 ms one way U-plane latency requirement for URLLC. In this contribution we focus mainly on grant-free transmission schemes for UL URLLC. Grant-free schemes can be either contention based, where all transmission resources can be shared by multiple UEs, or non-contention based, where each UE is assigned a dedicated set of resource(s) by the gNB. We will focus on non-contention based grant-free UL transmission schemes, where the initial transmission is grant-free (non-contention based), whereas any subsequent transmissions could be either grant-free as well, or grant-based. 
We consider the following four scheduling schemes for UL transmission:
1. Semi-static scheduling (single transmission or K = 1): Single transmission single repetition per URLLC packet.
2. Semi-static scheduling (two transmissions or K = 2): Two transmissions or two repetitions per URLLC packet
3. Semi-static scheduling (NACK based retransmission w/o SG): Initial transmission attempt followed by NACK initiated grant-free retransmission. 
4. Semi-static scheduling (with NACK based retransmission with SG): Initial transmission attempt followed by NACK initiated grant-based retransmission.    
Reliability Analysis
In this section we provide the reliability analysis for the scheduling schemes explained in the previous section.  To quantify the reliability, we make some assumptions for the probability of successful decoding of each event, as given below
Sets of assumptions for the probability of successful decoding of SR, SG (DCCH), uplink data channel (USCH), and NACK are provided in Table 1. For the sake of discussion and comparison, we consider four sets of assumptions, namely UL1, UL2, UL3, and UL4, for typical values of the probabilities of successful decoding of SR, SG (DCCH), USCH(initial), USCH (2nd tx) and NACK.

Table 1. Probability of successfully decoding SR, SG, USCH, and NACK
	Event
	Sets of assumptions for the probability of successful decoding

	
	UL1
	UL2
	UL3
	UL4

	SR
	0.999
	0.999
	0.999
	0.999

	SG (DCCH)
	0.999
	0.999
	0.999
	0.999

	USCH (initial)
	0.99
	0.99
	0.999
	0.999

	USCH (2nd tx/ retx with HARQ comb. gain)
	0.99
	0.9999
	0.999
	0.99999

	NACK
	0.999
	0.999
	0.999
	0.999



For a particular initial USCH success probability, we consider the cases where the probability of success for the second transmission/retransmission (with HARQ combining gain), is either the same as the initial transmission or significantly better. In practice based on [2, 3] and given the fact that modulation schemes employed for URLLC will be fairly conservative (compared to say eMMB), one can assume that with HARQ combining gain, the probability of successfully decoding the retransmission is much higher than that of the initial transmission. 
Accordingly, the reliability for each UL scheme can then be calculated as shown in Table 2.
Table 2. Reliability calculations for various UL schemes based on probability of successful decoding of SR, SG, USCH, and NACK
	UL scheduling scheme
	Overall Reliability

	Semi-static (K =1)
	

	Semi-static (K=2)
	

	Semi-static (NACK based retransmission w/o SG)
	

	Semi-static (NACK based retransmission with SG)
	



This yields the following reliabilities for the various UL scheduling schemes considered, according to the different assumptions for the probability of successful decoding of each event.
Table 3. Reliability for various UL schemes based on Tables 1 and 2
	UL scheduling scheme
	Reliability

	
	UL1
	UL2
	UL3
	UL4

	Semi-static (K=1)
	0.9900000
	0.9900000
	0.9990000
	0.9990000

	Semi-static (K=2)
	0.9999000
	0.999999
	0.9999990
	0.9999999

	Semi-static (NACK based retransmission w/o SG)
	0.9998901
	0.999989
	0.9999980
	0.9999989

	Semi-static (NACK based retransmission with SG)
	0.999880
	0.9999790
	0.9999970
	0.9999979



Observation 1: For UL URLLC, grant-free single transmission schemes are unable to meet the reliability requirements. As a result, multiple transmission schemes need to be considered for UL. 
Latency analysis
We first consider the probability of the first uplink transmission failing. 
Table 4. Probability of failure for the first UL transmission for various UL schemes
	Scheme
(Prob. of the first transmission failure) 
	SR
	SG
	USCH
	Prob. of the first transmission failure

	Semi-static 
()
	0.999
	0.999
	0.99
	0.010

	
	0.999
	0.999
	0.999
	0.001



For semi-static scheduling, we have the following event sequence:
Table 5. Event sequence and associated timing for a single transmission 
	Events 
	Latency (TTI)

	UE processing 
	1

	TTI alignment
	0.5

	UE packet transmission 
	1

	gNB processing 
	1

	Total latency ()  
	3.5



For HARQ grant-free retransmission, we have the following additional sequence of events
Table 6. Event sequence and associated timing for a NACK grant-free retransmission
	Events 
	Latency (TTI)

	TTI alignment 
	0.5

	NACK
	1

	gNB processing
	1

	TTI alignment 
	0.5

	UE processing
	1

	TTI alignment
	0.5

	UE packet transmission
	1

	gNB processing
	1

	Total latency ()  
	6.5



For HARQ grant-based retransmission, we have the following additional sequence of events

Table 7. Event sequence and associated timing for a NACK grant-based retransmission
	Events 
	latency (TTI)

	TTI alignment 
	0.5

	NACK
	1

	gNB processing
	1

	TTI alignment 
	0.5

	SG 
	1

	UE processing
	1

	TTI alignment
	0.5

	UE packet transmission
	1

	gNB processing
	1

	Total latency () 
	7.5



The average U-plane latency in the UL for the two HARQ based retransmission schemes are:
  (grant-free)
  (grant-based)

This, in turn, yields the following latencies in the uplink:
Table 8. Average U-plane latencies for various UL schemes
	UL scheduling scheme
	Average U-plane latency (ms)

	
	UL1
	UL2
	UL3
	UL4

	Semi-static (K=1)
	0.4375
	0.4375
	0.4375
	0.4375

	Semi-static (K=2)
	0.4419
	0.4419
	0.4380
	0.4380

	Semi-static (NACK based retransmission w/o SG)
	0.4456
	0.4456
	0.4383
	0.4383

	Semi-static (NACK based retransmission with SG)
	0.4469
	
	0.4384
	0.4384



Observation 2: For UL URLLC, semi-static (grant-free) transmission schemes can meet the one way U-plane latency requirements of 0.5 ms. This holds for multiple transmissions both with repetition as well as when employing HARQ based retransmissions which may be either grant-free like the original transmission or grant-based. 
Observation 3: For grant-free UL URLLC, repetition based (K>1) schemes can greatly help in improve reliability and latency when compared to NACK based retransmission schemes.     

Summary
In this contribution we considered various scheduling and HARQ designs for UL URLLC and compared these schemes on the basis of their reliability, latency, and resource usage. Our analysis shows that grant-free multi-transmission schemes with repetition and/or HARQ retransmission where retransmissions can also be grant-free or grant-based are best suited for UL URLLC applications. 
We make the following observations:
Observation 1: For UL URLLC, grant-free single transmission schemes are unable to meet the reliability requirements. As a result, multiple transmission schemes need to be considered for UL. 
Observation2: For UL URLLC, semi-static (grant-free) transmission schemes can meet the one way U-plane latency requirements of 0.5 ms. This holds for multiple transmissions both with repetition as well as when employing HARQ based retransmissions which may be either grant-free like the original transmission or grant-based.  
Observation 3: For grant-free UL URLLC, repetition based (K>1) schemes can greatly help in improve reliability and latency when compared to NACK based retransmission schemes.    
Based on these observations, we propose the following:
Proposal 1: For UL URLLC, we propose use of semi-static scheduling with multi-transmission schemes as an option for contention-free grant-less transmission.  
Proposal 2: For UL URLLC, we propose use of using repetitions as an option, with K=2 as a baseline and further study into finding an optimal value of K. 
Proposal 3: For UL URLLC, we propose use of use of HARQ based retransmission with the option of utilizing grant-free or grant-based retransmission. 
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