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Introduction
In RAN1 #87 Meeting [1], the following as agreed for URLLC:
Agreements:
· At least an UL transmission scheme without grant is supported for URLLC
· Resource may or may not be shared among one or more users 
· FFS: resource configuration details
· FFS other details of design
· Asynchronous and adaptive HARQ is supported for DL

In this contribution we discuss scheduling and HARQ aspects of DL and UL URLLC. To this extent we discuss various options for scheduling and HARQ schemes, and provide an analytical comparison of these schemes on the basis of certain key performance metrics (reliability, latency, and spectral efficiency) specific to URLLC.  
Scheduling schemes
2.1 Downlink scheduling 
We consider dynamic scheduling, where the gNB in each TTI transmits scheduling information to the terminal (or set of terminals). The scheduling decisions are transmitted on the Downlink control channel (DCCH). 
We consider the following four scheduling schemes for DL transmission:
1. Single transmission: A single transmission attempt per URLLC packet
2. Two transmissions with single control: In this scheme, each URLLC packet is transmitted twice, with the underlying assumption that only a single DCCH is needed, i.e., scheduling decisions for both transmissions are contained in the single DCCH.  
3. Two transmissions with independent control: Similar to the previous scheme, each URLLC packet is transmitted twice, however, unlike the previous scheme, control information for each transmission is signaled independently.
4. NACK based retransmission: In this scheme, after the initial transmission of the packet, the packet will be retransmitted if a NACK is received by the gNB.      

2.2 Uplink scheduling
We consider both semi-static (grant-free) and dynamic (grant-based) scheduling. For the  semi-static scheduling scenario, it is assumed that a semi-static scheduling pattern is signalled to the URLLC UEs in advance. Dynamic scheduling, on the other hand, is grant-based (based on explicit SRs sent by the UE).
We consider the following four scheduling schemes for UL transmission:
1. Semi-static scheduling (single transmission): Single transmission attempt per URLLC packet.
2. Semi-static scheduling (two transmission): Two transmissions per URLLC packet
3. Dynamic scheduling (single transmission): Grant-based Single transmission
4. Dynamic scheduling (with NACK based retransmission): Grant-based transmission with NACK 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 in the following sections.  
3.1 Downlink 
[bookmark: _GoBack]Sets of assumptions for the probability of successful decoding of control channel (DCCH), downlink data channel (DSCH) (both initial transmission and retransmission) , and NACK are provided in Table 1. For the sake of discussion and comparison, we consider four sets of assumptions, namely DL1, DL2, DL3, and DL4, for typical values of the probabilities of successful decoding of DCCH, DSCH (initial), DSCH (2nd tx) and NACK. In our assumptions we are considering moderate target BLER for DSCH (i.e., 10-2 & 10-3).

Table 1. Probability of successfully decoding DCCH, DSCH, and NACK
	Event
	Sets of assumptions for the probability of successful decoding 

	
	DL1
	DL2
	DL3
	DL4

	DCCH
	0.999
	0.999
	0.999
	0.999

	DSCH (initial)
	0.99
	0.99
	0.999
	0.999

	DSCH (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 DSCH 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. 
The reliability for each DL scheduling scheme can then be evaluated by the expressions in Table 2:

Table 2. Reliability calculations for various DL schemes based on probability of successful decoding of DCCH, DSCH, and NACK
	DL scheduling scheme
	Overall Reliability

	Single Transmission
	

	Two transmissions (single DCCH)
	

	Two transmissions (separate DCCH)
	

	NACK based retransmission
	



This yields the following reliabilities, given in Table 3, for the various DL scheduling schemes according to the different assumptions for the probability of successful decoding of each event. In Table 3, cells highlighted in red indicate that the URLLC reliability requirement is not met, whereas cells highlighted in green indicate the requirement is met.  
Table 3. Reliability for various DL schemes based on Tables 1 and 2
	DL scheduling scheme
	Reliability

	
	DL1
	DL2
	DL3
	DL4

	Single Transmission
	0.9890100
	0.9890100
	0.9980010
	0.9980010

	Two transmissions (single DCCH)
	0.9989001
	0.9989990
	0.9989990
	0.9989999

	Two transmissions (separate DCCH)
	0.9998792
	0.9999879
	0.9999960
	0.9999980

	NACK based retransmission
	0.9998684
	0.9999769
	0.9999940
	0.9999960



Observation 1: For DL URLLC, single transmission schemes are unlikely to meet the reliability requirements (10-5 packet reliability). As a result, multiple transmission schemes need to be considered.
3.2 Uplink
Sets of assumptions for the probability of successful decoding of SR, SG (DCCH), uplink data channel (USCH), and NACK are provided in Table 4.  Similar to DL analysis, 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 4. 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



Accordingly, the reliability for each UL scheme can then be calculated as shown in Table 5.
Table 5. 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 (Single Transmission)
	

	Semi-static (Two Transmissions)
	

	Dynamic (Single transmission)
	

	Dynamic (NACK based retransmission)
	



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 6. Reliability for various UL schemes based on Tables 4 and 5
	UL scheduling scheme
	Reliability

	
	UL1
	UL2
	UL3
	UL4

	Semi-static (Single Transmission)
	0.9900000
	0.9900000
	0.9990000
	0.9990000

	Semi-static (Two Transmissions)
	0.9999000
	0.999999
	0.9999990
	0.9999999

	Dynamic (Single transmission)
	0.9880210
	0.9880210
	0.9970029
	0.9970029

	Dynamic (NACK based retransmission)
	0.9998565
	0.9999749
	0.9999910
	0.9999994



Observation2: For UL URLLC, grant-based/grant-free single transmission schemes are unable to meet the reliability requirements. As a result, multiple transmission schemes need to be considered for UL as well. 
Latency analysis
4.1 Downlink
To calculate the average latency for each downlink scheme, we first observe that the probability of the initial (first) transmission being successful is 
As a result we have the following probability of failure of the first transmission for all schemes that employ more than one transmission.
Table 7. Probability of failure of the first transmission for DL
	DCCH
	DSCH (initial)
	Probability of first transmission failure

	0.999
	0.99
	0.011

	0.999
	0.999
	0.002



We assume a TTI of 0.125ms. The event sequence and corresponding processing time for a single transmission is captured in Table 8:  
Table 8. Event sequence and associated timing for a single transmission for the DL case
	Events 
	 Latency (TTI)

	gNB processing 
	1

	TTI alignment
	0.5

	Transmission
	1

	UE processing 
	1

	Total  latency () 
	3.5



For the case of NACK based retransmission we have the following event sequence and corresponding processing times:
Table 9. Event sequence and associated timing for a NACK based retransmission for the DL case
	Events
	 Latency (TTI)

	TTI alignment
	0.5

	gNB processing
	1

	NACK transmission
	1

	TTI alignment
	0.5

	Retransmission
	1

	UE processing
	1

	Total latency ()  
	5 



The average U-plane latency in the DL for the various two transmission schemes are:
         (Single and separate DCCH)
    (NACK based retransmission)

This yields the following latencies for the various DL schemes:
Table 10. Average U-plane latencies for various DL schemes
	DL scheduling scheme
	Average U-plane latency (ms)

	
	DL1
	DL2
	DL3
	DL4

	Single Transmission
	0.4375
	0.4375
	0.4375
	0.4375

	Two transmissions (single DCCH)
	0.4423
	0.4423
	0.4384
	0.4384

	Two transmissions (separate DCCH)
	0.4423
	0.4423
	0.4384
	0.4384

	NACK based retransmission
	0.4444
	
	0.4388
	0.4388



Observation 3: For DL URLLC, multiple transmission schemes are able to meet the one way U-plane latency requirement of 0.5 ms.
4.2 Uplink
Similar to the downlink case, we first consider the probability of the first uplink transmission failing. In the uplink case, this will differ for the semi-static (grant-less) and dynamic (grant based) approaches. 
Table 11. 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

	Dynamic 
() 
	0.999
	0.999
	0.99
	0.012

	
	0.999
	0.999
	0.999
	0.003




For semi-static scheduling, we have the following event sequence:
Table 12. Event sequence and associated timing for a single transmission for the semi-static (grant-free) UL case
	Events 
	Latency (TTI)

	UE processing 
	1

	TTI alignment
	0.5

	UE packet transmission 
	1

	gNB processing 
	1

	Total latency ()  
	3.5



For dynamic scheduling (grant-based), we have the following event sequence:
Table 13. Event sequence and associated timing for a single transmission for the dynamic (grant-based) UL case
	Events 
	Latency (TTI)

	TTI alignment 
	0.5

	SR
	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



In the case of NACK based retransmission, we have the following additional sequence of events

Table 14. Event sequence and associated timing for a NACK based retransmission for the dynamic (grant-based) UL case
	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 semi-static and dynamic two transmission schemes are:
                (Semi-static)
         (Dynamic)

This, in turn, yields the following latencies in the uplink:
Table 15. Average U-plane latencies for various UL schemes
	UL scheduling scheme
	Average U-plane latency (ms)

	
	UL1
	UL2
	UL3
	UL4

	Semi-static (Single Transmission)
	0.4375
	0.4375
	0.4375
	0.4375

	Semi-static (Two Transmissions)
	0.4419
	0.4419
	0.4380
	0.4380

	Dynamic (Single transmission)
	0.9375
	0.9375
	0.9375
	0.9375

	Dynamic (HARQ based retransmission)
	0.9488
	
	0.9403
	0.9403



Observation 4: For UL URLLC, semi-static (grant-free) transmission schemes can meet the one way U-plane latency requirements of 0.5 ms, assuming the TTI duration of 0.125 ms. However, dynamic scheduling (grant-based) transmission schemes do not meet the one way U-plane latency requirement, unless the URLLC TTI duration is assumed to be shorter than 0.0625 ms.

Spectral Efficiency Analysis
In this section we compare the various downlink and uplink schemes previously discussed, on the basis of their resource usage. We categorize resources as Control units, Data units, and A/N units. Transmission slots (TTI) are assumed to be self-contained, i.e., they contain one (DL) control, one Data and one UL control (such as NACK) component. 
5.1 Downlink
Table 16 compares various DL schemes on the basis of the number of control/data/AN units used
Table 16. Average resource usage for each DL scheme
	Scheme
	Average resource usage (Units)

	
	Control
	Data
	A/N

	Single transmission
	1
	1
	0

	Two transmissions (single DCCH)
	1
	2
	0

	Two transmissions (separate DCCH)
	2
	2
	0

	NACK based retransmission
	
	
	

	
	
	
	


* based on the retransmission probability of 0.011 (from Table 7)
+ based on the retransmission probability of 0.002 (from Table 7)
Observation 5: For DL URLLC, while both single and multiple (two) transmission schemes meet the latency  requirements for URLLC, only schemes that employ more than one transmission can meet the URLLC reliability requirements (10-5 packet reliability). In addition, while different multiple transmission (HARQ based) schemes can satisfy the stringent URLLC requirements, NACK based retransmission based schemes provide a good trade-off in terms of resources required for URLLC transmissions, thereby freeing up additional resources for other services. 

5.2 Uplink
Table 17 below compares the various UL schemes on the basis of the number of control/data/AN units used
Table 17. Average resource usage for each UL scheme
	Scheme
	Average resource usage (Units)

	
	Control
	Data
	A/N

	Semi-static (Single Transmission)
	0
	1
	0

	Semi-static (Two Transmissions)
	0
	2
	0

	Dynamic (Single transmission)
	2
	1
	0

	Dynamic (HARQ based retransmission)
	
	
	

	
	
	
	


* based on the retransmission probability of 0.012 (from Table 11)
+ based on the retransmission probability of 0.003 (from Table 11)

Observation 6: For UL URLLC, single transmission schemes (both grant-based as well grant-free) are unable to meet the reliability requirements for URLLC. Also, grant-based transmission schemes exceed the latency requirements set forth for URLLC. As a consequence, only grant-free multiple transmission schemes can meet both reliability and latency requirements for UL URLLC, unless the URLLC TTI duration is less than 0.0625 ms. The trade-off is an increase in consumption of data resources (on average about double that required for a grant-based scheme), although this is offset by not requiring to use any control resources.   

Summary
In this contribution we considered various scheduling and HARQ designs for DL and UL URLLC and compared these schemes on the basis of their reliability, latency, and resource usage. Our analysis shows that NACK based retransmission schemes are best suited for DL URLLC applications, while grant-free multi-transmission schemes are best suited for UL URLLC applications. 
We make the following observations:
Observation 1: For DL URLLC, single transmission schemes are unlikely to meet the reliability requirements (10-5 packet reliability). As a result, multiple transmission schemes need to be considered.
Observation2: For UL URLLC, grant-based/grant-free single transmission schemes are unable to meet the reliability requirements. As a result, multiple transmission schemes need to be considered for UL as well. 
Observation 3: For DL URLLC, multiple transmission schemes are able to meet the one way U-plane latency requirement of 0.5 ms.
Observation 4: For UL URLLC, semi-static (grant-free) transmission schemes can meet the one way U-plane latency requirements of 0.5 ms, assuming the TTI duration of 0.125 ms. However, dynamic scheduling (grant-based) transmission schemes do not meet the one way U-plane latency requirement, unless the URLLC TTI duration is assumed to be shorter than 0.0625 ms.
Observation 5: For DL URLLC, while both single and multiple (two) transmission schemes meet the latency  requirements for URLLC, only schemes that employ more than one transmission can meet the URLLC reliability requirements (10-5 packet reliability). In addition, while different multiple transmission (HARQ based) schemes can satisfy the stringent URLLC requirements, NACK based retransmission based schemes provide a good trade-off in terms of resources required for URLLC transmissions, thereby freeing up additional resources for other services. 
Observation 6: For UL URLLC, single transmission schemes (both grant-based as well grant-free) are unable to meet the reliability requirements for URLLC. Also, grant-based transmission schemes exceed the latency requirements set forth for URLLC. As a consequence, only grant-free multiple transmission schemes can meet both reliability and latency requirements for UL URLLC, unless the URLLC TTI duration is less than 0.0625 ms. The trade-off is an increase in consumption of data resources (on average about double that required for a grant-based scheme), although this is offset by not requiring to use any control resources.   
Based on these observations, we propose the following:
Proposal l: NR design should consider multi-transmission schemes in order to meet the stringent reliability requirements for URLLC applications under moderate DSCH BLER. 
Proposal 2: For DL URLLC, we propose use of NACK based retransmission schemes.
Proposal 3: For UL URLLC, we propose use of semi-static scheduling with multi-transmission schemes.  
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