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1 Introduction

On RAN #80, a SI [1] was approved for NR URLLC including following objectives: 

· Higher reliability (up to 1E-6 level), higher availability, time synchronization down to the order of a few µs where the value can be 1 or a few us depending on frequency range, short latency in the order of 0.5 to 1 ms, depending on the use cases (factory automation, transport industry and Electrical power distribution)

· PDCCH enhancements. Study focus on Compact DCI, PDCCH repetition, increased PDCCH monitoring capability 

· UCI enhancements. Study focus on Enhanced HARQ feedback methods (increased number of HARQ transmission possibilities within a slot), CSI feedback enhancements

· PUSCH Enhancements. Study focus on mini-slot level hopping & retransmission/repetition enhancements.

· Enhancements to scheduling/HARQ/CSI processing timeline (UE and gNB), (for existing TTI durations)
In this contribution, a revision of R1-1811461, we discuss DCI enhancements for URLLC.
2 Discussion
In general two options can be considered to achieve a very high reliability for URLLC, one is the HARQ based retransmission and the other is the automatic repetition. As commonly understood, the HARQ based retransmission is better in resource efficiency but worse in latency than that of the automatic repetition. To achieve the overall target reliability of 10-5, two BLER targets were defined for NR URLLC in Rel-15, i.e., 10-1 and 10-5, and it is our understanding that the gNB may schedule the initial transmission with a target BLER of 10-1 and the retransmission with a target BLER of 10-5 for the HARQ based retransmission. Taking the tight latency requirement into consideration, in most cases there could be only one chance for retransmission (two attempts in total). For the automatic repetition, the reliability target may be split into several repetitions to achieve and the target BLER of all repetitions together should be less than 10-5.  
Regarding PDCCH enhancements, both compact DCI and PDCCH repetition were discussed before. For DCI of UL grant,  once it is lost, the UE needs to resend the SR with extra latency and it will be more efficient to use this extra latency for PUSCH retransmission so it is proposed for DCI formats 0_0 and 0_1 to achieve a reliability of no less than 10-5 (or 10-6 as new target for Rel-16). For DCI of DL grant, the reliability depends on that of the scheduled PDSCH which needs to be more reliable when it is for a retransmission or one-shot transmission. Among all cases which require a very reliable DCI, compact DCI is preferred so it is preferred for the compact DCI to be used to schedule PUSCH, PDSCH retransmission or PDSCH one-shot transmission while PDCCH repetition can be used when compact DCI is not available or not enough or when the DL automatic repetition is used. 
2.1
Compact DCI
Considering PDSCH BLER is 10-1 and DCI should be more reliable than PDSCH, similar as eMBB, DCI BLER around 10-2 could be acceptable from DL point of view. Note that the DCI BLER also has an impact on the requirement of UCI reliability. Assuming a DCI is lost, the UE will not indicate either ACK or NACK but the gNB will still try to detect the UCI and if a false alarm happens with an ACK decision, the gNB will stop further retransmission with one TB lost. As a result, D2A needs to be less than 10-3 for the target reliability of 1-10-5 (10-4 for the target reliability of 1-10-6) and if the DCI BLER can be reduced to 10-3, D2A can be relaxed up to 10-2 (10-3). 

If the initial transmission fails, a much more robust retransmission should be scheduled with a target reliability of 1-10-5 (1-10-6 as the new requirement of Rel-16) and in some cases (e.g., no additional time for retransmission), even the initial transmission needs to be scheduled with the target reliability of 1-10-5 (1-10-6). For both, the DCI BLER should be less than 10-5 (10-6). 

As a summary, DCI BLER needs to be around either 10-2 or 10-3 for initial transmission and less than 10-5 (10-6) for retransmissions of the HARQ based retransmission or one-shot or UL transmissions as shown in Table 1. 

Table 1 Reliability summary of PDCCH and PDSCH
	Target reliability
	1-10-5
	1-10-6

	
	DL initial Tx
	DL ReTx or one-shot Tx
	DL initial Tx
	DL ReTx or one-shot Tx

	PDSCH BLER
	10-1
	10-5
	10-1
	10-6

	PDCCH BLER
	10-2
	< 10-5 (incl. for UL Tx)
	10-3
	< 10-6 (incl. for UL Tx)

	PUCCH D2A
	10-3
	/
	10-3
	/


There is no need to enhancement reliability of DCI when it is around either 10-2 or 10-3 and accordingly we have the following proposal. 
Proposal 1: it is proposed for the compact DCI to be used only for DL HARQ based retransmissions or DL one-shot transmissions or UL (re-)transmissions. 
When compact DCI is used for DL HARQ based retransmissions, it can be considered to reduce its size by taking advantage of what was received in the DCI of the initial transmission and only the relative difference can be indicated. Using MCS as an example, if MCS #L was used in the initial transmission, MCS #L-N (MCS #0 if L-N < 0) can be used in the retransmission, where N is pre-configured. The increased redundancy with N steps fallback should be just enough to meet the BLER difference from 10-1 to 10-5. Without losing flexibility, the MCS field in the compact DCI can be redefined with a new value n so as MCS #L-N+n is used by the retransmission, where n is valued in a much smaller range and the size of the MCS field is reduced accordingly. Currently the MCS field has 5 bits and the number of bits of the new MCS field in the compact DCI can be determined with the trade-off between DCI size and flexibility considered, for instance, 2 bits to indicate one value from {-2, -1, 0, 1}. 

When the compact DCI is used for (re-)transmissions with a lot of redundancy, a big amount of resources need to be scheduled, fewer bits can be used for the resource assignment fields of both frequency and time domains. Freq-domain RA can indicate either from a set of pre-configured resources or with a bigger configured RBG which also could be referred to the value in the DCI of the initial transmission, for instance, if the RBG size is K RBs for the non-compact DCIs, it is m·K RBs for the compact DCI, where m is pre-configured. With mini-slot assumed, the size of Time-domain RA can be reduced accordingly. Together with possible reductions in other fields, the compact DCI may achieve an overall reduction of no less than 15 bits with a link improvement of no less than 1 dB. 
Table 2 Some fields of the compact DCI
	Field
	Field length and notes

	
	Format 1_0
	New format

	Freq-domain RA
	9 - 16 bits (25 - 275 PRBs)
	5 bits

	Time-domain RA
	4 bits
	2 bits

	MCS
	5 bits
	2 bits


As seen in many companies’ link level simulation results, a reduction of 10 bits only has 0.5 ~ 1 dB link improvement which is not significant enough to introduce another DCI format. Based on the discussion above, we have the following proposal. 
Proposal 2: it is proposed for the compact DCI to be reduced in size of no less than 15 bits and it can be considered for some fields to be reduced by referring to either the old values in the DCI of the initial transmission or a set of pre-configured values.    
For DL retransmissions with a NACK received, it can be considered for the gNB to use the compact DCI to do the scheduling when a retransmission is expected and the UE can do blind detection with the compact DCI first and other DCI formats next. The UE may do double blind detections in the case that the indicated NACK is not received by the gNB. It happens with a probability of N2D (NACK to DTX), and as discussed below for PUCCH reliability, N2D is around 1% when the channel quality is bad. UE complexity and power consumption could be increased in some rare cases with double blind detection but reduced in all other cases with compact DCI so it is expected for the UE complexity and power consumption to be decreased or at most marginally increased. 

For UL or DL one-shot transmissions, compact DCI can be used and it can be enabled by an upper layer message. Once it is configured, the UE shall do the blind detection of compact DCI first and other DCI formats next. 
Proposal 3: it can be considered for the UE to detect the compact DCI first in the blind detection once configured.    
2.2
PDCCH repetition
PDCCH repetition is another option to improve the DCI reliability. As discussed in [2], PDCCH repetition will increase the UE complexity (with the number of blind detections increased) and with no combining between repetitions assumed, it is believed that the link performance of PDCCH repetition is worse than that of single PDCCH with same assumptions such as resources and diversities. In our view, PDCCH repetition may be used when compact DCI is not available (not supported by the UE due to limited blind detection capability) or not efficient/enough (ALs higher than 16 are required and/or high AL solution is deemed inefficient at gNB in terms of CCE usage and PDCCH blocking probability). In those cases, it is also possible that one-shot data transmission is required to schedule the URLLC DL, as explained in our earlier contribution [3], and PDCCH repetition should be also considered to support such scenario. Therefore, multiple DCI resources can be pre-configured in one TTI with the first one mandatory for the UE to detect and all others optional. If the UE succeeds on detecting the first DCI, all remaining DCIs can be skipped and additionally, the UE can indicate an ACK for the first DCI to stop the gNB to transmit remaining DCIs. Pre-configured resources not used can be used for either eMBB or URLLC PDSCH transmissions and the existing pre-emption indication in DL can be used to indicate which resources are not used. 
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Figure 1 Optional DCI repetition for one-shot URLLC transmissions. (Left): UE misses first DCI but detects preconfigured PDCCH repetition; (Right): UE detects first DCI and PDCCH repetition is skipped.

Proposal 4: it is proposed to consider DCI repetition in time, where the additional DCI transmission is conditional to the successful reception of the initial DCI by the UE.
Another possible case where PDCCH repetition may be needed is when DL automatic repetition is used. In that case, a single DCI for scheduling could be sent before all repetitions (Option #1) or DCI could also be repeated before each PDSCH repetition (Option #2) as shown in Figure 2. Option #1 requires a big chunk of resources for PDCCH which may increase the blocking probability and additionally the amounts of PDSCH resources per repetition are different between the first one and all others, which is not supported in Rel-15 as all repetitions must have the same time domain assignment. Option #2 is preferred as it has less blocking issues and what is more, it can be used together with the DL automatic repetition when the number of repetitions needs to be extended with higher target reliability such as 10-6.  
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Figure 2 AL automatic repetition with PDCCH repetition
According to the Rel-15 NR specification, the number of repetitions is upper layer configurable. 

“When the UE is configured with aggregationFactorDL > 1, the same symbol allocation is applied across the aggregationFactorDL consecutive slots. The UE may expect that the TB is repeated within each symbol allocation among each of the aggregationFactorDL consecutive slots and the PDSCH is limited to a single transmission layer.” (Section 5.1.2.1 of 3GPP TS 38.214-f20)
Since the parameter, aggregationFactorDL, is upper layer configured, it is impossible to support different number of repetitions dynamically. For instance, when the channel quality is different or the available resources are different, the same number of repetitions still has to be used until it is reconfigured. More specifically, it is impossible to support a combination of HARQ based retransmission and automatic repetition as illustrated in Figure 3, the initial transmission can use HARQ based retransmission for a better efficiency and if NACK is received, the gNB can switch to automatic repetition for a better reliability in a short time. Obviously such combination provides the flexibility for the gNB to balance between efficiency and reliability. 

Proposal 5: it is proposed to consider PDCCH repetition for cases where compact DCI is not applicable or where DL automatic repetition is used. 
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Figure 3 Combination of HARQ based retransmission and automatic repetition

To support such combination, one straightforward way is to include the parameter in DCI rather than in an upper layer message so that the gNB can control the number of repetitions dynamically, including single transmission. Actually this option is already supported by LTE URLLC, and LTE DCI format 7-1A includes a 2-bit repetition number parameter which indicates the number of transmissions for PDSCH from set {1, 2, 3, a configurable number}. 

Proposal 6: it is proposed to include the same DCI parameter, repetition number, as in LTE URLLC for NR DL automatic repetition. 

An example is illustrated in Figure 4 with PDSCH repetition and PDCCH repetition used together. PDSCH repetition has totally 5 transmissions while DCI repetition has totally 2 transmissions. The value of the repetition number in the first DCI is 5 and accordingly, its value shall be 4 in the second DCI but 4 is not in the list of numbers of PDSCH repetitions so it cannot be indicated. To solve the problem, the list must be extended to include each value between the minimum and the maximum. Obviously more than 2 bits in DCI will be required.  

For the same example, if the first DCI is lost but the second one is received, the UE doesn’t know if there is an old transmission and as a result, the old transmission cannot be used in the soft combining to improve the reliability and to reduce the latency. This problem occurs even if the repetition number is obtained in the second DCI with an extended list. Significant benefits can be foreseen by letting the UE know if there are previous transmissions that can be used in the soft combining. To solve this, it can be considered to include a DCI repetition index in the DCI, for instance, 0, 1 or 2 can be indicated in the first, second or third DCI respectively. So if the repetition index received is 1, the UE knows there is one old transmission in the last TTI which can be used in the soft combining. 
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Figure 4 PDSCH repetition with DCI repetition

Additionally it can help to avoid extending the list mentioned above and in this example, the gNB always includes the same value of repetition number in all DCIs as the way in LTE, and the UE can calculate the actual remaining number of transmission from both parameters, i.e., the repetition index (for DCI) and the repetition number (for PDSCH), for instance, in the second DCI, the UE knows the repetition index is 1 and the repetition number is 5 as configured so the number of remaining repetitions is 4 (= 5 -1). 

In short, another parameter of repetition index in DCI can enable soft combining of PDSCH with lost DCI, both reliability and latency can be improved significantly and what is more, to support dynamic number of PDSCH repetitions, it can help to reduce the standardization effort by reusing the existing LTE URLLC parameter of repetition number.  

Proposal 7: it is proposed to include a DCI parameter, repetition index, if PDCCH repetition is used together with DL automatic repetition. 

3 Conclusion
In this contribution, reliability of PDCCH is analyzed and a number of enhancements were discussed and proposed for consideration. 
Based on above discussions, we have the following proposals: 

Proposal 1: it is proposed for the compact DCI to be used only for DL HARQ based retransmissions or DL one-shot transmissions or UL (re-)transmissions. 
Proposal 2: it is proposed for the compact DCI to be reduced in size of no less than 15 bits and it can be considered for some fields to be reduced by referring to either the old values in the DCI of the initial transmission or a set of pre-configured values.    
Proposal 3: it can be considered for the UE to detect the compact DCI first in the blind detection once configured.    
Proposal 4: it is proposed to consider DCI repetition in time, where the additional DCI transmission is conditional to the successful reception of the initial DCI by the UE.
Proposal 5: it is proposed to consider PDCCH repetition for cases where compact DCI is not applicable or where DL automatic repetition is used. 
Proposal 6: it is proposed to include the same DCI parameter, repetition number, as in LTE URLLC for NR DL automatic repetition. 

Proposal 7: it is proposed to include a DCI parameter, repetition index, if PDCCH repetition is used together with DL automatic repetition. 
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