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Introduction
In RAN1 NR_AH meeting, the following agreements on NR-PDCCH design for URLLC were made [1]:
Agreements:
· To ensure the reliability requirement of NR-PDCCH for URLLC, at least the following aspects should be supported
· Defining a compact DCI format  targeting low BLER operation 
· The highest aggregation level should target a BLER of Y for this compact DCI format
· FFS  Y, Y<1% 
· FFS highest  aggregation levels, e.g., 16,32
· FFS other enhancements 
[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Ultra reliable and low latency communication (URLLC) is identified as one of the usage scenarios in NR study item. In this contribution, it is discussed how to achieve reliability requirement of 99.999% within user plane latency of 1ms. 
Analysis on reliability of URLLC in DL
In RAN1#87 meeting, it has been agreed that asynchronous and adaptive HARQ is supported on DL to meet URLLC requirements. Then the analysis in this contribution assumes at least 2 transmissions (including initial transmission and one retransmission) are supported to reach URLLC requirements on DL.
[bookmark: OLE_LINK4][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13]In order to achieve 99.999% reliability target within 1ms, the number of retransmission would be restricted by length of time interval and RTT (Round-Trip Time). Take total of 2 transmissions as an example, time interval is 0.25ms and mini-slot/slot with 7 symbols at 30 kHz SCS is used, in addition RTT is n+2 mini-slot/slot. Similar for maximum 4 transmissions with same RTT, mini-slot/slot with 7 symbols at 60 kHz SCS would be used. 
Maximum 2 transmissions
Different HARQ retransmission times need different reliability requirements on each channel for one packet to be transmitted completely. Take one HARQ process of 2 transmissions as example, the probability for successful transmission within two transmissions is given by  
     (1) 
where
· The first term is the probability that the initial transmission is successfully received by UE. is probability of successful PDCCH transmission and  is probability of successful transmission of  single data transmission without any HARQ combining at receiver.
· The second term is the probability that the second transmission is successfully received by UE, given the UE fails to detect the PDCCH for the initial transmission. Here =Prob{DTX or NACK is detected | UE sends DTX}.
· The third term is the probability that the second transmission is successfully received by UE, given the UE successfully detects the PDCCH for the initial transmission but fails to decode PDSCH for the initial transmission. Here =Prob{DTX or NACK is detected | UE sends NACK} and  is probability of successful decoding PDSCH with the re-transmission. 
Firstly, it is easy to prove that   ,  and   for the concerned ranges of these parameters. Then the largest  , ,  and  (which are all 1’s) push the function value P upwards to , which is just 99.99% and lower than the desired target of 99.999% with the current PDCCH reliability of =99%. In fact, any value of  that is smaller than  would have no chance to make P to reach =99.999%. So, at least the requirement on BLER of Y=0.1% should be targeted for the highest aggregation level with the compact DCI format of URLLC considering maximum 2 transmissions.
Secondly, for a given PDCCH reliability , 
· Because ,  and  are no larger than 1 in (1), . Then any value of  that is smaller than  would not be able to make . For example, ≤0.99099 with =0.999 or ≤0.9001 with =0.9999 cannot achieve .
· Because ,  and  are no larger than 1 in (1), . Then any value of  that is smaller than  would not be able to make . For example, ≤0.9955 with =0.999 or ≤0.95 with =0.9999 cannot achieve .
· Because generally  in (1), . It can be shown that any value of  that is smaller than  cannot make . For example, ≤0.9978 with =0.999 or ≤0.9969 with =0.9999 cannot achieve .
· It is often the case that . This is because and have the same detection area in signal space while NACK has its signal constellation usually more far away from ACK than DTX. Then , which means any value of  that is smaller than  cannot make . 
Observation 1: For a DL HARQ process of maximum 2 transmissions, its reliability target  (overall success probability) is NOT achievable if any of following conditions is true:
· , where  is the success probability of DL scheduling detection. 
· , where  is the success probability of first detection of data packet.
· , where  is the success probability of data packet detection with combination of first and second HARQ transmissions.
· , where =Prob{DTX or NACK is detected | UE sends DTX}. 
· , where =Prob{DTX or NACK is detected | UE sends NACK}. 
Observation 2: For a DL HARQ process of maximum 2 transmissions, the legacy 99% reliability of PDCCH is not able to meet URLLC requirement of 99.999% and should be improved.
It should be noted that the above analysis only says the channel (PDCCH, PDSCH or ACK/NACK) reliability lower than certain threshold would not make the overall HARQ reliability to reach 99.999% or above. However, these thresholds give only the necessary conditions for  but not sufficient conditions, i.e., it is not guaranteed the overall HARQ reliability of 99.999% is achievable if all channel reliabilities exceed the mentioned thresholds. Further numerical trials and analysis are given in Table 2 and Table 3, where some numerical combinations of channel reliabilities are listed for =0.999 and =0.9999, respectively.   
Table 2 Channel reliabilities with =0.999
	
	
	
	
	P

	0.999
	0.999
	0.999
	≥0.99649
	≥0.9999915

	0.999
	0.999
	0.9999
	≥0.99649
	≥0.9999924

	0.999
	0.9999
	0.9999
	≥0.99199
	≥0.9999970

	0.9999
	0.999
	0.999
	≥0.99649
	≥0.9999924

	0.9999
	0.999
	0.9999
	≥0.99649
	≥0.9999933

	0.9999
	0.9999
	0.9999
	≥0.99199
	≥0.9999979


Table 3 Channel reliabilities with =0.9999 
	
	
	
	
	P

	0.99
	0.99
	0.999
	0.999
	0.9999770143

	0.99
	0.99
	0.9999
	0.999
	0.9999860035

	0.99
	0.99
	0.9999
	0.9999
	0.9999950008

	0.99
	0.999
	0.999
	0.999
	0.9999967925

	0.99
	0.999
	0.9999
	0.999
	0.9999976914

	0.99
	0.999
	0.9999
	0.9999
	0.9999985912

	0.999
	0.99
	0.999
	0.999
	0.9999779052

	0.999
	0.99
	0.9999
	0.999
	0.9999868944

	0.999
	0.99
	0.9999
	0.9999
	0.9999958917

	0.999
	0.999
	0.999
	0.999
	0.9999976915

	0.999
	0.999
	0.9999
	0.999
	0.9999985904

	0.999
	0.999
	0.9999
	0.9999
	0.9999994902


According to Table 2 and Table 3, 
· When =0.999, one possible reliability combination is ====0.999. It is shown in Figure A.1 that about 1.5dB should be enhanced on PUCCH to improve from 0.99 to 0.999.
· When =0.9999, the possible reliability combination is =0.99 and ===0.999, or ==0.99 and ==0.9999. It is also shown that there is no obvious gain to further improve  from 0.99 and  from 0.999 (when =0.999). 
Observation 3: For a DL HARQ process of maximum 2 transmissions, the overall reliability target of 99.999% can be achieved by any of following combinations of channel reliabilities: 
· Combination 1: =====0.999. 
· Combination 2: =0.9999, ===0.999, =0.99. 
· Combination 3: ===0.9999, ==0.99.
Observation 4: About 1.5dB enhancement on PUCCH is needed to improve from 0.99 to 0.999.
Maximum K transmissions
Based on above maximum 2 transmissions analysis, the probability for successful transmission can be extended for K transmissions for one HARQ process case. It is given by:
, where 
Where  is the probability that the jth transmission is successfully received by UE.
For maximum 3 transmissions
Then the largest , , ,  and  (which are all 1’s) push the function value P upwards to , which is 99.9999% assuming =99%. And the target of 99.999% can be reached even with the current PDCCH reliability of =99%. Any value of  that is smaller than 0.97845565 would have no chance to make P to reach =99.999%. So, at least the requirement on BLER of Y=1% will be the targeting BLER for maximum 3 transmission and 1% would be similar to PDCCH for eMBB.
Further numerical trials and analysis are given in Table 4, Table 5 and Table 6, where some numerical combinations of channel reliabilities are listed for  =0.99, =0.999 and =0.9999, respectively.   
Table 4 Channel reliabilities with =0.99
	
	
	
	
	
	P

	0.99
	0.99
	0.99
	0.9999
	0.9999
	0.99999009

	0.99
	0.99
	0.999
	0.9999
	0.9999
	0.99999096

	0.99
	0.99
	0.9999
	0.9999
	0.9999
	0.99999105

	0.99
	0.999
	0.999
	0.9999
	0.9999
	0.99999371

	0.99
	0.999
	0.9999
	0.9999
	0.9999
	0.99999372

	0.99
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999398


Table 5 Channel reliabilities with =0.999 
	
	
	
	
	
	P

	0.99
	0.99
	0.99
	0.999
	0.9999
	0.99999665

	0.99
	0.99
	0.99
	0.9999
	0.9999
	0.99999756

	0.99
	0.99
	0.999
	0.999
	0.9999
	0.99999755

	0.99
	0.99
	0.999
	0.9999
	0.9999
	0.99999846

	0.99
	0.99
	0.9999
	0.999
	0.9999
	0.99999764

	0.99
	0.99
	0.9999
	0.9999
	0.9999
	0.99999855

	0.99
	0.999
	0.999
	0.999
	0.9999
	0.99999792

	0.99
	0.999
	0.999
	0.9999
	0.9999
	0.99999883

	0.99
	0.999
	0.9999
	0.999
	0.9999
	0.99999793

	0.99
	0.999
	0.9999
	0.9999
	0.9999
	0.99999884

	0.99
	0.9999
	0.9999
	0.999
	0.9999
	0.99999795

	0.99
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999886

	0.999
	0.999
	0.999
	0.999
	0.999
	0.99999799

	0.999
	0.999
	0.999
	0.999
	0.9999
	0.99999889

	0.999
	0.999
	0.999
	0.9999
	0.999
	0.99999889

	0.999
	0.999
	0.999
	0.9999
	0.9999
	0.99999979

	0.999
	0.999
	0.9999
	0.999
	0.999
	0.99999799

	0.999
	0.999
	0.9999
	0.999
	0.9999
	0.99999889

	0.999
	0.999
	0.9999
	0.9999
	0.999
	0.99999889

	0.999
	0.999
	0.9999
	0.9999
	0.9999
	0.99999979

	0.999
	0.9999
	0.9999
	0.999
	0.999
	0.99999799

	0.999
	0.9999
	0.9999
	0.999
	0.9999
	0.99999889

	0.999
	0.9999
	0.9999
	0.9999
	0.999
	0.9999989

	0.999
	0.9999
	0.9999
	0.9999
	0.9999
	0.9999998


Table 6 Channel reliabilities with =0.9999
	
	
	
	
	
	P

	0.99
	0.99
	0.99
	0.99
	0.9999
	0.99999695

	0.99
	0.99
	0.99
	0.999
	0.9999
	0.99999786

	0.99
	0.99
	0.99
	0.9999
	0.9999
	0.99999795

	0.99
	0.99
	0.999
	0.99
	0.9999
	0.99999785

	0.99
	0.99
	0.999
	0.999
	0.9999
	0.99999876

	0.99
	0.99
	0.999
	0.9999
	0.9999
	0.99999885

	0.99
	0.99
	0.9999
	0.99
	0.9999
	0.99999794

	0.99
	0.99
	0.9999
	0.999
	0.9999
	0.99999885

	0.99
	0.99
	0.9999
	0.9999
	0.9999
	0.99999894

	0.99
	0.999
	0.999
	0.99
	0.9999
	0.99999798

	0.99
	0.999
	0.999
	0.999
	0.9999
	0.99999888

	0.99
	0.999
	0.999
	0.9999
	0.9999
	0.99999898

	0.99
	0.999
	0.9999
	0.99
	0.9999
	0.99999798

	0.99
	0.999
	0.9999
	0.999
	0.9999
	0.99999889

	0.99
	0.999
	0.9999
	0.9999
	0.9999
	0.99999898

	0.99
	0.9999
	0.9999
	0.99
	0.9999
	0.99999799

	0.99
	0.9999
	0.9999
	0.999
	0.9999
	0.9999989

	0.99
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999899

	0.999
	0.999
	0.999
	0.99
	0.999
	0.999998

	0.999
	0.999
	0.999
	0.99
	0.9999
	0.9999989

	0.999
	0.999
	0.999
	0.999
	0.999
	0.9999989

	0.999
	0.999
	0.999
	0.999
	0.9999
	0.9999998

	0.999
	0.999
	0.999
	0.9999
	0.999
	0.99999899

	0.999
	0.999
	0.999
	0.9999
	0.9999
	0.99999989

	0.999
	0.999
	0.9999
	0.99
	0.999
	0.999998

	0.999
	0.999
	0.9999
	0.99
	0.9999
	0.9999989

	0.999
	0.999
	0.9999
	0.999
	0.999
	0.9999989

	0.999
	0.999
	0.9999
	0.999
	0.9999
	0.9999998

	0.999
	0.999
	0.9999
	0.9999
	0.999
	0.99999899

	0.999
	0.999
	0.9999
	0.9999
	0.9999
	0.99999989

	0.999
	0.9999
	0.9999
	0.99
	0.999
	0.999998

	0.999
	0.9999
	0.9999
	0.99
	0.9999
	0.9999989

	0.999
	0.9999
	0.9999
	0.999
	0.999
	0.9999989

	0.999
	0.9999
	0.9999
	0.999
	0.9999
	0.9999998

	0.999
	0.9999
	0.9999
	0.9999
	0.999
	0.99999899

	0.999
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999989

	0.9999
	0.9999
	0.9999
	0.99
	0.999
	0.9999989

	0.9999
	0.9999
	0.9999
	0.99
	0.9999
	0.99999899

	0.9999
	0.9999
	0.9999
	0.999
	0.999
	0.9999998

	0.9999
	0.9999
	0.9999
	0.999
	0.9999
	0.99999989

	0.9999
	0.9999
	0.9999
	0.9999
	0.999
	0.99999989

	0.9999
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999998


According to Table 4, Table 5 and Table 6, 
· When =0.99, one possible reliability combination is ===0.99, ==0.9999. Compared with maximum 2 transmission, reliability requirement on  can be reduced at the cost of increasing reliability requirement on and .
· When =0.999, one possible reliability combination is =====0.999 which is same reliability requirement on each channel with maximum 2 transmissions. In addition, reliability requirement on  can be reduced at the cost of increasing reliability requirement on  and one possible reliability combination is =0.999, =0.9999, ===0.99. 
· When =0.9999, the possible reliability combination is =0.99 and ===0.999 which is same reliability requirement on each channel with maximum 2 transmissions. In addition, reliability requirement on data channel at retransmission like  can be reduced comparing with maximum 2 transmission and one possible reliability combination is =0.9999, ====0.99.
· In addition, when =0.9999 and =0.99, reliability requirement on  can be reduced at the cost of increasing reliability requirement on . 
Observation 5: For a DL HARQ process of maximum 3 transmissions, the overall reliability target of 99.999% can be achieved by any of following combinations of channel reliabilities: 
· Combination 1: ====0.99,==0.9999.
· Combination 2: ==0.999, =0.9999, ===0.99. 
· Combination 3: ======0.999.
· Combination 4: ==0.9999,= ===0.99. 
· Combination 5: =0.9999, =0.99, ====0.999.
For maximum 4 transmissions
Then the largest , , , ,  and  (which are all 1’s) push the function value P upwards to, which is 99.999999% with the current PDCCH reliability of =99%. Any value of  that is smaller than 0.943765867 would have no chance to make P to reach =99.999%. So, BLER of Y=1% should be also targeted.
Further numerical trials and analysis are given in Table 7, Table 8 and Table 9, where some numerical combinations of channel reliabilities are listed for  =0.99, =0.999 and =0.9999, respectively.   
Table 7 Channel reliabilities with =0.99
	
	
	
	
	
	
	P

	0.99
	0.99
	0.99
	0.99
	0.9999
	0.9999
	0.99999781

	0.99
	0.99
	0.99
	0.999
	0.9999
	0.9999
	0.99999782

	0.99
	0.99
	0.99
	0.9999
	0.9999
	0.9999
	0.99999782

	0.99
	0.99
	0.999
	0.999
	0.9999
	0.9999
	0.99999786

	0.99
	0.99
	0.999
	0.9999
	0.9999
	0.9999
	0.99999786

	0.99
	0.99
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999786

	0.99
	0.999
	0.999
	0.999
	0.9999
	0.9999
	0.99999792

	0.99
	0.999
	0.999
	0.9999
	0.9999
	0.9999
	0.99999792

	0.99
	0.999
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999792


Table 8 Channel reliabilities with =0.999 
	
	
	
	
	
	
	P

	0.99
	0.99
	0.99
	0.99
	0.999
	0.9999
	0.99999796

	0.99
	0.99
	0.99
	0.99
	0.9999
	0.9999
	0.99999887

	0.99
	0.99
	0.99
	0.999
	0.999
	0.9999
	0.99999797

	0.99
	0.99
	0.99
	0.999
	0.9999
	0.9999
	0.99999888

	0.99
	0.99
	0.99
	0.9999
	0.999
	0.9999
	0.99999797

	0.99
	0.99
	0.99
	0.9999
	0.9999
	0.9999
	0.99999888

	0.99
	0.99
	0.999
	0.999
	0.999
	0.9999
	0.99999798

	0.99
	0.99
	0.999
	0.999
	0.9999
	0.9999
	0.99999889

	0.99
	0.99
	0.999
	0.9999
	0.999
	0.9999
	0.99999798

	0.99
	0.99
	0.999
	0.9999
	0.9999
	0.9999
	0.99999889

	0.99
	0.99
	0.9999
	0.9999
	0.999
	0.9999
	0.99999798

	0.99
	0.99
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999889

	0.99
	0.999
	0.999
	0.999
	0.999
	0.9999
	0.99999799

	0.99
	0.999
	0.999
	0.999
	0.9999
	0.9999
	0.9999989

	0.99
	0.999
	0.999
	0.9999
	0.999
	0.9999
	0.99999799

	0.99
	0.999
	0.999
	0.9999
	0.9999
	0.9999
	0.9999989

	0.99
	0.999
	0.9999
	0.9999
	0.999
	0.9999
	0.99999799

	0.99
	0.999
	0.9999
	0.9999
	0.9999
	0.9999
	0.9999989

	0.99
	0.9999
	0.9999
	0.9999
	0.999
	0.9999
	0.99999799

	0.99
	0.9999
	0.9999
	0.9999
	0.9999
	0.9999
	0.9999989

	0.999
	0.999
	0.999
	0.999
	0.999
	0.999
	0.999998

	0.999
	0.999
	0.999
	0.999
	0.999
	0.9999
	0.9999989

	0.999
	0.999
	0.999
	0.999
	0.9999
	0.999
	0.9999989

	0.999
	0.999
	0.999
	0.999
	0.9999
	0.9999
	0.9999998

	0.999
	0.999
	0.999
	0.9999
	0.999
	0.999
	0.999998

	0.999
	0.999
	0.999
	0.9999
	0.999
	0.9999
	0.9999989

	0.999
	0.999
	0.999
	0.9999
	0.9999
	0.999
	0.9999989

	0.999
	0.999
	0.999
	0.9999
	0.9999
	0.9999
	0.9999998

	0.999
	0.999
	0.9999
	0.9999
	0.999
	0.999
	0.999998

	0.999
	0.999
	0.9999
	0.9999
	0.999
	0.9999
	0.9999989

	0.999
	0.999
	0.9999
	0.9999
	0.9999
	0.999
	0.9999989

	0.999
	0.999
	0.9999
	0.9999
	0.9999
	0.9999
	0.9999998

	0.999
	0.9999
	0.9999
	0.9999
	0.999
	0.999
	0.999998

	0.999
	0.9999
	0.9999
	0.9999
	0.999
	0.9999
	0.9999989

	0.999
	0.9999
	0.9999
	0.9999
	0.9999
	0.999
	0.9999989

	0.999
	0.9999
	0.9999
	0.9999
	0.9999
	0.9999
	0.9999998


Table 9 Channel reliabilities with =0.9999
	
	
	
	
	
	
	P

	0.99
	0.99
	0.99
	0.99
	0.99
	0.9999
	0.99999797

	0.99
	0.99
	0.99
	0.99
	0.999
	0.9999
	0.99999888

	0.99
	0.99
	0.99
	0.99
	0.9999
	0.9999
	0.99999897

	0.99
	0.99
	0.99
	0.999
	0.99
	0.9999
	0.99999798

	0.99
	0.99
	0.99
	0.999
	0.999
	0.9999
	0.99999889

	0.99
	0.99
	0.99
	0.999
	0.9999
	0.9999
	0.99999898

	0.99
	0.99
	0.99
	0.9999
	0.99
	0.9999
	0.99999798

	0.99
	0.99
	0.99
	0.9999
	0.999
	0.9999
	0.99999889

	0.99
	0.99
	0.99
	0.9999
	0.9999
	0.9999
	0.99999898

	0.99
	0.99
	0.999
	0.999
	0.99
	0.9999
	0.99999798

	0.99
	0.99
	0.999
	0.999
	0.999
	0.9999
	0.99999889

	0.99
	0.99
	0.999
	0.999
	0.9999
	0.9999
	0.99999898

	0.99
	0.99
	0.999
	0.9999
	0.99
	0.9999
	0.99999798

	0.99
	0.99
	0.999
	0.9999
	0.999
	0.9999
	0.99999889

	0.99
	0.99
	0.999
	0.9999
	0.9999
	0.9999
	0.99999898

	0.99
	0.99
	0.9999
	0.9999
	0.99
	0.9999
	0.99999798

	0.99
	0.99
	0.9999
	0.9999
	0.999
	0.9999
	0.99999889

	0.99
	0.99
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999898

	0.99
	0.999
	0.999
	0.999
	0.99
	0.9999
	0.99999799

	0.99
	0.999
	0.999
	0.999
	0.999
	0.9999
	0.9999989

	0.99
	0.999
	0.999
	0.999
	0.9999
	0.9999
	0.99999899

	0.99
	0.999
	0.999
	0.9999
	0.99
	0.9999
	0.99999799

	0.99
	0.999
	0.999
	0.9999
	0.999
	0.9999
	0.9999989

	0.99
	0.999
	0.999
	0.9999
	0.9999
	0.9999
	0.99999899

	0.99
	0.999
	0.9999
	0.9999
	0.99
	0.9999
	0.99999799

	0.99
	0.999
	0.9999
	0.9999
	0.999
	0.9999
	0.9999989

	0.99
	0.999
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999899

	0.99
	0.9999
	0.9999
	0.9999
	0.99
	0.9999
	0.99999799

	0.99
	0.9999
	0.9999
	0.9999
	0.999
	0.9999
	0.9999989

	0.99
	0.9999
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999899

	0.999
	0.999
	0.999
	0.999
	0.99
	0.999
	0.999998

	0.999
	0.999
	0.999
	0.999
	0.99
	0.9999
	0.9999989

	0.999
	0.999
	0.999
	0.999
	0.999
	0.999
	0.9999989

	0.999
	0.999
	0.999
	0.999
	0.999
	0.9999
	0.9999998

	0.999
	0.999
	0.999
	0.999
	0.9999
	0.999
	0.99999899

	0.999
	0.999
	0.999
	0.999
	0.9999
	0.9999
	0.99999989

	0.999
	0.999
	0.999
	0.9999
	0.99
	0.999
	0.999998

	0.999
	0.999
	0.999
	0.9999
	0.99
	0.9999
	0.9999989

	0.999
	0.999
	0.999
	0.9999
	0.999
	0.999
	0.9999989

	0.999
	0.999
	0.999
	0.9999
	0.999
	0.9999
	0.9999998

	0.999
	0.999
	0.999
	0.9999
	0.9999
	0.999
	0.99999899

	0.999
	0.999
	0.999
	0.9999
	0.9999
	0.9999
	0.99999989

	0.999
	0.999
	0.9999
	0.9999
	0.99
	0.999
	0.999998

	0.999
	0.999
	0.9999
	0.9999
	0.99
	0.9999
	0.9999989

	0.999
	0.999
	0.9999
	0.9999
	0.999
	0.999
	0.9999989

	0.999
	0.999
	0.9999
	0.9999
	0.999
	0.9999
	0.9999998

	0.999
	0.999
	0.9999
	0.9999
	0.9999
	0.999
	0.99999899

	0.999
	0.999
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999989

	0.999
	0.9999
	0.9999
	0.9999
	0.99
	0.999
	0.999998

	0.999
	0.9999
	0.9999
	0.9999
	0.99
	0.9999
	0.9999989

	0.999
	0.9999
	0.9999
	0.9999
	0.999
	0.999
	0.9999989

	0.999
	0.9999
	0.9999
	0.9999
	0.999
	0.9999
	0.9999998

	0.999
	0.9999
	0.9999
	0.9999
	0.9999
	0.999
	0.99999899

	0.999
	0.9999
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999989

	0.9999
	0.9999
	0.9999
	0.9999
	0.99
	0.999
	0.9999989

	0.9999
	0.9999
	0.9999
	0.9999
	0.99
	0.9999
	0.99999899

	0.9999
	0.9999
	0.9999
	0.9999
	0.999
	0.999
	0.9999998

	0.9999
	0.9999
	0.9999
	0.9999
	0.999
	0.9999
	0.99999989

	0.9999
	0.9999
	0.9999
	0.9999
	0.9999
	0.999
	0.99999989

	0.9999
	0.9999
	0.9999
	0.9999
	0.9999
	0.9999
	0.99999998


According to Table 7, Table 8 and Table 9, 
· Maximum 4 transmissions repeat observation 5 for maximum 3 transmissions.
· Reliability requirement on each channel for maximum 4 transmissions can’t be reduced further compared with maximum 3 transmissions.  
Observation 6: Reliability requirement on each channel for maximum 4 transmissions can’t be reduced further compared with maximum 3 transmissions. 
Observation 7: Value of Y can be determined by maximum times of transmissions. e.g. Y=0.1% with maximum 2 transmission, while Y=1% with maximum 3 transmission.
Proposal 1: To achieve best efficiency of URLLC services, it would be sufficient to support at most 3 transmissions for HARQ operation.
Proposal 2: The operating BLER for URLLC PDCCH should be no larger than 0.1% with maximum 2 transmissions. The operating BLER for URLLC PDCCH should be no larger than 1% with maximum 3 transmissions. 
Improvement of URLLC PDCCH Reliability
According to the analysis in previous section, URLLC PDCCH reliability should be at least improved from legacy reliability 99% to 99.9% with maximum 2 transmissions. Figure A.2 shows that such improvement needs about 2dB enhancement on PDCCH. 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Observation 8: About 2dB should be enhanced compared with legacy performance at same work point in order to achieve 99.9% reliability on PDCCH. 
Some potential methods to improve PDCCH reliability are listed below.
· Higher Aggregation Levels
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Higher aggregation levels for downlink control channel could be useful for low coding rate in LTE. It was agreed that the DL control channel will be mapped to one or more NR-CCEs in NR study item and aggregation levels could be introduced for NR PDCCH which is also applicable for URLLC. Then higher aggregation levels would also be used to improve reliability of URLLC PDCCH. According to [2], gain from 8 CCEs to 16 CCEs is about 2.5dB when achieving 99.9% reliability. Definition of CCE with higher aggregation level is a potential solution to improve the reliability of PDCCH. 
· Compact DCI Formats
DCI is contained in downlink control channel for scheduling UL/DL data channels. For URLLC, some fields in eMBB DCI formats may be reduced or removed to get compact DCI, which is useful for improving PDCCH reliability in URLLC. According to [2], performance gain for reducing 20 bits is about 2dB. Compact DCI formats can also be considered as a potential solution to improve PDCCH reliability. Given DCI contents for NR are still in study, high level analysis is listed below.
Fields for flexible scheduling
According to the discussion on NR scheduling, both DL scheduling and UL scheduling may use dynamic scheduling delay which are indicated by DCI. For URLLC, minimum scheduling delay should be used in order to complete transmission as soon as possible. Thus fields for flexible scheduling could be removed for URLLC.
Fields for complexity transmission mode
Higher peak rate is an important target for eMBB in NR. Thus advanced MIMO schemes and higher-order modulation would be introduced for eMBB but increase size of DCI. For URLLC, because 99.999% reliability within user plane latency of 1ms is probably for X bytes [e.g. X=32, 50, 200], the peak rate requirement for eMBB may not be applicable to URLLC. So the fields such as MCS and MIMO related to eMBB application could be reduced.
· PSD boosting
PSD boosting with corresponding interference coordination is an implementation based way to improve the PDCCH reliability.
· Repetition
Time domain repetition is a common solution for reliability improvement that can also be used for downlink control channel. But different from existing system like eMTC/NB-IoT, large number of repetition times can’t be accepted by URLLC. Maximum number of repetition times including PDCCH and PDSCH/PUSCH for URLLC should be restricted by latency requirement and slot length for URLLC traffic transmission. In order to transmit successfully as soon as possible, repetition for PDCCH and repetition for PDSCH can be started at the same slot. If ACK is received by gNB, both PDCCH repetition and PDSCH repetition are terminated. If NACK is received by gNB, PDCCH repetition is terminated and PDSCH repetition is continued until ACK is received by gNB or 1ms boundary is extended.
Observation 9: Higher aggregation level and PSD boosting can be directly used to improve PDCCH reliability for URLLC. Compact DCI and repetition could be applied with specific considerations of URLLC features and requirements.
URLLC PDSCH Reliability
The PDSCH BLER for eMBB is generally targeted at 10%, since it don’t have hard limit on delay boundary. As it shown in the reliability analysis for URLLC, PDSCH for each transmission should not be lower than 1% level. For cases like 2-transmission, PDSCH BLER needs 0.1% level for BLER. Figure A.3 shows PDSCH can reach 1% at 2dB SNR and code rate of 0.356. Two more dB will further reduce BLER to 0.1%. Note those reasonable SNR range already require code rate to typical mother code rate of eMBB. In general, PDSCH for URLLC mainly use chase combine. With those considerations, the details for URLLC PDSCH will be much different to that for eMBB. Those include CQI and link adaptation.
Proposal 3: The operating BLER for URLLC PDSCH should not be larger than 1%. URLLC PDSCH should be able to cover BLER of 0.1%. CQI/TBS/MCS of URLLC should target on those BLER operating points.
Conclusion
This contribution concludes with following observations and proposals.
Observation 1: For a DL HARQ process of maximum 2 transmissions, its reliability target  (overall success probability) is NOT achievable if any of following conditions is true:
· , where  is the success probability of DL scheduling detection. 
· , where  is the success probability of first detection of data packet.
· , where  is the success probability of data packet detection with combination of first and second HARQ transmissions.
· , where =Prob{DTX or NACK is detected | UE sends DTX}. 
· , where =Prob{DTX or NACK is detected | UE sends NACK}. 
Observation 2: For a DL HARQ process of maximum 2 transmissions, the legacy 99% reliability of PDCCH is not able to meet URLLC requirement of 99.999% and should be improved.
Observation 3: For a DL HARQ process of maximum 2 transmissions, the overall reliability target of 99.999% can be achieved by any of following combinations of channel reliabilities: 
· Combination 1: =====0.999. 
· Combination 2: =0.9999, ===0.999, =0.99. 
· Combination 3: ===0.9999, ==0.99.
Observation 4: About 1.5dB enhancement on PUCCH is needed to improve from 0.99 to 0.999.
Observation 5: For a DL HARQ process of maximum 3 transmissions, the overall reliability target of 99.999% can be achieved by any of following combinations of channel reliabilities: 
· Combination 1: ====0.99,==0.9999.
· Combination 2: ==0.999, =0.9999, ===0.99. 
· Combination 3: ======0.999.
· Combination 4: ==0.9999,= ===0.99. 
· Combination 5: =0.9999, =0.99, ====0.999.
Observation 6: Reliability requirement on each channel for maximum 4 transmissions can’t be reduced further compared with maximum 3 transmissions.
Observation 7: Value of Y can be determined by maximum times of transmissions. e.g. Y=0.1% with maximum 2 transmission, while Y=1% with maximum 3 transmission.
Observation 8: About 2dB should be enhanced compared with legacy performance at same work point in order to achieve 99.9% reliability on PDCCH.
Observation 9: Higher aggregation level and PSD boosting can be directly used to improve PDCCH reliability for URLLC. Compact DCI and repetition could be applied with specific considerations of URLLC features and requirements.
Proposal 1: To achieve best efficiency of URLLC services, it would be sufficient to support at most 3 transmissions for HARQ operation.
Proposal 2: The operating BLER for URLLC PDCCH should be no larger than 0.1% with maximum 2 transmissions. The operating BLER for URLLC PDCCH should be no larger than 1% with maximum 3 transmissions.
Proposal 3: The operating BLER for URLLC PDSCH should not be larger than 1%. URLLC PDSCH should be able to cover BLER of 0.1%. CQI/TBS/MCS of URLLC should target on those BLER operating points.
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Annex
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Simulation results for PUCCH/PDCCH/PDSCH reliability are shown in Figure A.1 to Figure A.3 respectively and simulation assumptions are listed in Table A.1 to Table A.3 respectively.
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Figure A.1 PUCCH reliability
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Figure A.2 PDCCH reliability
[image: ]
Figure A.3 PDSCH reliability
Table A.1 Simulation assumption for PUCCH
	Parameters
	Assumptions

	Carrier frequency
	2GHz

	System bandwidth
	10 MHz 

	TTI length
	one symbol 

	Channel model 
	TDL-A

	Delay spread 
	100ns 

	UE speed 
	3km/h 

	Antenna configuration
	1Tx(UE), 2 Rx(eNB)

	CP length
	Normal

	Modulation mode
	Sequence-based, BPSK/QPSK    

	Channel estimation
	MMSE 


Table A.2 Simulation assumption for PDCCH
	Parameters
	Assumptions

	Carrier frequency
	2GHz

	System BW
	10MHz

	Channel model
	TDL-A 

	UE speed
	3kmph

	Modulation mode
	QPSK

	Antenna configuration
	2Tx-2Rx 

	Channel estimation
	MMSE

	CP type
	Normal CP

	DCI Format
	Format 1A

	Aggregation Level
	8CCE

	OFDM Symbols  for PDCCH
	3


Table A.3 Simulation assumption for PDSCH
	Parameters
	Assumptions

	Carrier Frequency
	4GHz

	User bandwidth
	5RBs for OFMDA

	SC per RB
	12

	PHY Packet size
	32 Bytes (including 24bit CRC)

	Modulation and coding rate
	QPSK,

	Code rate
	0.356 (256/(6*12*5*2))

	Sub-carrier spacing
	60 kHz

	TTI length
	0.125 ms

	OFDM symbols per TTI
	7

	OFDM symbols for data
	6

	Channel model
	TDL-A, 3km/h

	BS antenna configuration
	2Rx

	UE antenna elements
	2Tx

	HARQ
	No

	Channel estimation
	Ideal

	Receiver
	MMSE
MMSE-SIC is applied for collision cases

	CQI feedback assumption
	No
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