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1. Introduction
In RAN1#AH1801 meeting [1], the following agreements were made for reliability of downlink control channel:
Agreement:
· 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
Moreover, RAN#78 meeting provided the proposed RAN1 scope [2]:
· Study and specify if gains are identified
· Define a new DCI format(s) that has a smaller DCI payload size than DCI format 0-0 and DCI format 1-0 unicast data
· For a given carrier, PDCCH repetitions over same or multiple PDCCH monitoring occasion(s) of the same or multiple CORESET and search space
· Handle UL multiplexing of transmission with different reliability requirements (including the potential need for UL UE pre-emption) 

This contribution is a revision of R1-1802534. The necessity to support PDCCH repetition and relevant solutions to achieve the ultra- reliability target of PDCCH for URLLC are discussed.
Discussion
Regarding reliability and latency targets for the URLLC scenario, NR considers in TR 38.913 that “A general URLLC reliability requirement for one transmission of a packet is (1-10-5) for 32 bytes with a user plane latency of 1ms”. While a target is defined for the transmission of a packet (>99,999%), there is no explicit target posed for the individual channels. However, it is understood that PDCCH target reliability needs to be much higher than in conventional LTE.
One-shot data transmission
Having flexible numerology in NR, makes it generally possible to fit multiple transmissions and even HARQ retransmissions, within a small time window and the 1ms limit for NR URLLC latency can still be respected. Compared to the one-shot data transmission, i.e. where only a TTI/slot is available for data transmission, multi-shot transmission (including HARQ retransmissions or repetition / slot aggregation) does not have to guarantee reliability at only one time. However, there are several scenarios where one-shot transmission is the only or, at least, the desirable way to schedule the URLLC DL of a user:
a) Large queuing delay. In case of simultaneously served URLLC UEs, when the URLLC traffic load is high, the queuing delay for each URLLC UE will be high (e.g. consider the use case of an imminent road accident where several UEs are alerted at the same time). For a UE with large queuing delay, there may not be enough time left to allow HARQ retransmissions, or even repetitions, from the time when the UE is scheduled. 
b) Large frame alignment delay in TDD. In case of TDD with not very dynamic or fixed UL/DL switching periodicity (e.g. coexistence with LTE TDD), a URLLC packet may have to wait the whole UL duration before the next DL opportunity is available. In case of HARQ retransmissions, UE will have to wait even more, for the next UL opportunity for ACK/NACK feedback and so on. This frame alignment delay may leave no time for more than a TTI.
c) High URLLC preemption impact. In case of dynamic resource sharing between URLLC and eMBB services, when the URLLC traffic load is low and preemption-based multiplexing is employed, it may be desirable to use one-shot URLLC transmission in order to not impact considerably the eMBB service.
d) Last retransmission of independent multiple transmissions. Even in case the URLLC packet is sent by multiple transmissions within the latency constraint, it is possible that initial transmission(s) will be unsuccessfully received. Then, when PDCCHs scheduling each retransmission are independent to each other, the last retransmission can be seen as a one-shot transmission.
e) Power consumption limitations. A one-shot format may reduce power consumption at UE.
In order to decide which solution or combination of solutions among higher AL, compact DCI and PDCCH repetition can ensure the URLLC reliability requirement we should consider the support of the demanding one-shot transmission case. In such scenario, the URLLC packet transmission reliability R can be given by:
							(1)
where  and  denote the probability of successful PDCCH and PDSCH transmission, respectively. Thus, the operating BLER of NR-PDCCH for URLLC, i.e., Y (), should be smaller than 10-5 in order to support URLLC packet transmission with at least 99.999% reliability. 
Proposal 1: For NR URLLC, RAN1 should decide on the necessity of compact DCI and PDCCH repetition by taking into account the Y<10-5 PDCCH BLER target to support the one-shot data transmission case, i.e. where only a single PDSCH transmission is possible.
Non-PDCCH-repetition based mechanisms
In last RAN1 meeting, several mechanisms that do not include PDCCH repetition were discussed, including 1) higher AL, 2) compact DCI, 3) 4 UE Rx antennas, 4) different ALs for PDCCHs of HARQ transmissions. Initial evaluation results in [3][4] show that combination of those mechanisms may achieve 10-5 PDCCH BLER at reasonable SNR targets. However, the last two options cannot be considered for ensuring URLLC reliability universally. Four UE Rx antennas are currently supported only in the 2.5-5GHz band and thus cannot be considered a mandatory feature for UEs operating in e.g. 700MHz band. Regarding the PDCCH HARQ retransmissions option, as discussed in the previous section, it might be unwise to design URLLC PDCCH based only on multi-shot data transmission scenario. That leaves us with the first two non-PDCCH-repetition based mechanisms that can be considered for universal solution, i.e. higher AL and compact DCI.
Applying higher AL as the only solution for reliable URLLC PDCCH means high provisioning of the control channel with highly inefficient use of the spectral resources. By deducing the results from [5] to compare higher AL (equivalent to symmetric repetition) with a solution of optional dual DCI with asymmetric repetition (i.e. where DCI is only repeated with a high BLER target when initial DCI is missed), it is expected that a ~75% saving of CCEs in average can be achieved as depicted in Table 1 below. 





Table 1: CCE usage; Optional Dual DCI versus Higher AL
	Assumptions: [5]

	HARQ
	DCI
Transmission
	PDCCH BLER
	Coding Rate
	AL
	Total PDCCH resources (CCE)
	PDCCH resources saving (%)

	Optional Dual DCI
(asymmetric)
	1st
	4*10-4
	1/15
	8
	8.28
	 
~75%

	
	2nd
	<10-6
	1/36
	32
	
	

	Higher AL
	-
	<10-6
	1/18
	32
	~33
	



High CCE usage will increase the PDCCH blocking probability within a CORESET. Generally, it should be possible that multiple URLLC UEs are scheduled simultaneously, sharing a CORESET. With very high AL for URLLC PDCCH, it is possible that the number of available CCEs/PDCCH-candidates becomes limited even with regular URLLC traffic loads. Assuming for example URLLC PDCCH with AL of 16, 96 RBs are required for a DCI transmission within a CORESET. This essentially means that only 1 DCI can be sent per CORESET symbol for 20MHz bandwidth. In fact, [6] concludes after system level simulations that PDCCH may be a bottleneck for DL URLLC performance even when considering max AL of 8. On the other hand, earlier evaluation results indicated that AL 8 may not meet the reliability target of URLLC service (see for example [7] where a BLER target of 10-5 cannot be achieved, even with 15-bit compact DCI, by AL 1, 2, 4, or 8 for a target SNR of -5dB).
It may also be deemed useful that same CORESET is used by eMBB and URLLC UEs. High CCE usage of the shared CORESET from URLLC will affect eMBB PDCCH blocking probability as well which has been considered before an important issue, considering the RAN1#AH1801 agreement: “Blocking probability of DL control channel should be taken into account in NR-PDCCH design”.  Considering also the possibility of higher numerology due to URLLC (e.g. 30kHz SCS), a DCI for a URLLC UE will need to consume almost 2 whole CORESET symbols in a 20MHz bandwidth. In that case, none or very limited control resources are available for any other DCI transmission within the shared CORESET. gNB will have to choose between not scheduling the URLLC UE (leading to failed URLLC service) or not scheduling other URLLC and/or eMBB UEs (leading to URLLC and/or eMBB performance degradation).
Observation 1: For URLLC PDCCH, keeping AL 16 or higher as the only mechanism to reach reliability target is inefficient in terms of CCE usage and PDCCH blocking probability, while AL 8 is inadequate.
Proposal 2: For URLLC PDCCH, RAN1 should decide on the necessity of compact DCI and/or PDCCH repetition by taking into account the blocking probability of DL control channel.
As another solution to improve BLER performance, it is considered to remove/alter some fields of the eMBB DCI and adopt a compact DCI for URLLC. For example, it has been proposed to reduce granularity of MCS table and HARQ timing, use pre-configured transmission scheme or DMRS related information, remove CBG related information, not configure data starting position etc. As a result of this compact DCI designing, the expected resulting DCI size for URLLC is expected to be in the order of 15-30 bits. 
However, the evaluations from several contributions (summarized in [8]) show that compact DCI provides limited gain in terms of BLER performance, especially as AL increases. A gain smaller than 1.5dB should be expected for AL 8 and smaller than 1dB for AL16, which raises concerns regarding even the necessity of compact DCI for URLLC, considering the possible reduced scheduling flexibility and increase in UE complexity. 
Observation 2: Compact DCI provides minor gain for AL of 8 or 16.
Proposal 3: PDCCH repetition is supported to achieve URLLC reliability.

PDCCH repetition
In some cases, instead of higher AL, PDCCH BLER target can be similarly reached by having multiple DCI transmissions in time or frequency. When DCI is repeated/expanded in frequency (by PDCCH repetition/aggregation), the difference from higher AL is that the blocking probability of such operation may be reduced, or that the gNB scheduling flexibility is increased. 
When URLLC share dynamically resources with eMBB it could be possible that gNB preconfigures URLLC CORESET within eMBB data resource and, when needed, the DCI repetition(s) preempt eMBB data. This could be a very straightforward solution with minimal standardization effort since preemption-based multiplexing feature for DL transmissions with different durations is already supported in Rel.15.
[image: ]
Figure 1. Dynamic URLLC CORESET puncturing eMBB data when necessary (Slot 1: PDCCH aggregation and repetition in frequency for URLLC transmissions ‘a’ and ‘b’, respectively; Slot 2: PDCCH repetition in time for URLLC transmission ‘c’).
The aforementioned practice of PDCCH repetitions puncturing eMBB data could also be considered with DCI repeated in time. Additional monitoring complexity may arise for the URLLC UE in that case but there is also the advantageous possibility of keeping the additional DCI optional so as to not overprovision the control channel and effectively reduce blocking probability. This could be done by making the additional DCI transmission conditional to the successful reception of the initial DCI by the UE, e.g. by introducing an ACK/DTX feedback in uplink for initial DCI. 
The reliability with an optional dual DCI transmission in time as described above (without considering DCI combining) is given by:

					(2)

where ,  and  denote the probability of successful 1st PDCCH, 2nd PDCCH and PDSCH transmission, respectively;  denotes the probability of gNB detecting DTX, when UE “sends” DTX.
Comparing with a single-DCI one-shot transmission which can achieve the URLLC target with a combination of channels’ error probabilities such as  and  (considering that generally PDCCH has more strict target than PDSCH), we denote in Table 2 below the maximum possible PDSCH/PDCCH BLER targets and the possible benefits from having dual DCI. Note that for the DTX-to-ACK error probability target (PDTX), the optimal case of 0 corresponds also to the case where 2nd DCI is always repeated (in time or frequency). 


Table 2: BLER targets of Dual-DCI versus Single-DCI for one-shot URLLC transmission
	One-shot Tx
target BLER =10-5
	PDTX
	PDSCH Target BLER
	1st PDCCH Target BLER
	2nd PDCCH Target BLER
	Benefit

	Single DCI
	-
	9*10-6
	1*10-6
	-
	-

	Dual DCI
	0
	9*10-6
	1*10-3
	1*10-3
	Relax PDCCH target, 
- Achieve SNR targets with lower AL 
- Less control resource

	
	10-2
	9*10-6
	9*10-5
	9*10-5
	

	
	0
	9.9*10-6
	3*10-4
	3*10-4
	Additionally, Relax PDSCH target 
- Higher throughput (coding rate ↑)

	
	10-2
	9.9*10-6
	~10-5
	~10-5
	



Figure 2 below illustrates a possible time budget example when implementing optional dual DCI repetition in time where a URLLC packet is successfully communicated within 1ms. 30kHz SCS and slot-based URLLC transmission is assumed here. After sending DCI-1, gNB waits for an ACK from UE, and when nothing is received after a certain time, a DCI-2 is sent. URLLC UE has to buffer only on a sub-slot level in order to be able to use DCI-2 as backward indication for its scheduled data.

[image: ]
Figure 2. Optional URLLC PDCCH repetition. Example time budget.

In case of no eMBB/URLLC multiplexing, the possible solution in case of one-shot data transmission could be for gNB to configure the additional DCI to puncture the URLLC UE own PDSCH. However, the impact of puncturing should be studied more in that case; even though URLLC UE can know exactly, at RE-level, which data resources have been punctured after detecting the additional DCI, the puncturing PDCCH will be proportionally big within the small (e.g. 32 bytes) data transmission while the BLER target of URLLC PDSCH will be very strict (i.e. <10-5) since there is no possibility for retransmission/repetition of data. 
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Figure 2. Self-puncturing PDCCH repetition in time for one-shot URLLC data transmission.
Proposal 4: PDCCH repetition in time, i.e. in different monitoring occasions, where the additional DCI transmission is conditional to the successful reception of the initial DCI by the UE, is supported.
Conclusion
In this contribution, we discuss possible solutions for PDCCH to achieve the high reliability target imposed in the one-shot data transmission case for URLLC. The following observation and proposals are made:
Observation 1: For URLLC PDCCH, keeping AL 16 or higher as the only mechanism to reach reliability target is inefficient in terms of CCE usage and PDCCH blocking probability, while AL 8 is inadequate.
Observation 2: Compact DCI provides minor gain for AL of 8 or 16.
Proposal 1: For NR URLLC, RAN1 should decide on the necessity of compact DCI and PDCCH repetition by taking into account the Y<10-5 PDCCH BLER target to support the one-shot data transmission case, i.e. where only a single PDSCH transmission is possible.
Proposal 3: PDCCH repetition is supported to achieve URLLC reliability.
Proposal 4: PDCCH repetition in time, i.e. in different monitoring occasions, where the additional DCI transmission is conditional to the successful reception of the initial DCI by the UE, is supported.
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