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1. Introduction
According to URLLC requirements described in [1], the design targets for URLLC are as follows:
· Reliability: A general URLLC reliability requirement for one transmission of a packet is 1-10-5 for X bytes (e.g., 20 bytes) with a user plane latency of 1ms.

· Latency: For URLLC the target for user plane latency should be 0.5ms for UL and 0.5ms for DL.
In RAN1 NR AH#1 meeting, following agreements were reached about NR-PDCCH reliability requirements [2]:
	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 


In this contribution, we discuss the high reliability aspects for URLLC related DL control channel, including the potential ultra-reliability design for URLLC PDCCH.
2. Discussion
2.1. Requirement of high reliability for DL control channel
A URLLC packet transmission is required to achieve 99.999% reliability within the user plane latency bound. The higher reliability for control information transmission is required. For a one-shot transmission case, the probability of error case for control and data transmission can be expressed as follows:
Prpacket = Prcontrol  +  (1 - Prcontrol) * Prdata <= 10-5
According to the formula, in the case of Prcontrol =1/10* Prdata , BLER requirement of control channel is 0.91*10-6. When Prcontrol = Prdata, BLER requirement is 5*10-6 for PDCCH. The error probability of DL control should be less than 10-5. PDCCH enhancement is required.
Based on UE processing time for PDSCH and latency bound 1 ms for URLLC transmission, the available number of time domain resources for PDCCH transmission is analysed considering PDSCH repetition. Assuming PDSCH transmission with TDMed repetition, the available number of time domain resources for PDCCH is shown in table 1. From table 1, it can be observed that number of time domain resources for PDCCH may be limited, especially for 15 kHz SCS. Thus, FDMed PDCCH-PDSCH transmission or PDCCH-PDSCH transmission over the same symbols can be considered. 
Table 1 The available number of symbols for PDCCH within 1 ms
	The available number of symbols for PDCCH 
	15kHz
	30kHz

	PDSCH with 2 symbols 
	One transmission
	8
	20

	
	Two repetitions
	6
	18

	
	Four repetitions
	2
	14

	
	Eight repetitions
	-
	6

	PDSCH with 4 symbols
	One transmission
	6
	18

	
	Two repetitions
	2
	14

	
	Four repetitions
	-
	6

	
	Eight repetitions
	-
	-

	PDSCH with 7 symbols
	One transmission
	3
	15

	
	Two repetitions
	-
	8

	
	Four repetitions
	-
	-


Notes: PDSCH process time are 4, 6, 17 symbols for 15 kHz, 30kHz SCS, respectively.
Observation 1: High reliability needs to be satisfied for PDCCH for URLLC service. 
Observation 2: Considering PDSCH with repetitions, time domain resources for PDCCH may be restricted within the latency bound 1 ms for URLLC.
2.2. Reliable PDCCH transmission 
Firstly, UE should be guaranteed to decode control information correctly for URLLC service, thus reliable PDCCH receiving is important for both latency and reliability requirement. PDCCH repetition or with high aggregation level (AL) are candidates to achieve the reliable transmission.  
2.2.1 PDCCH with higher aggregation level
The high aggregation level transmission, e.g. AL=16 or 32, can improve reliability of PDCCH transmission. It is possible that URLLC UEs and eMBB UEs share a CORESET time/frequency resources. Even, the same CORESET is used by eMBB and URLLC UEs. For AL with 16 CCEs, 96 RBs is required assuming the CORESET with one symbol.  With high AL, the available CCEs candidates become limited and the blocking probability would be higher, which impacts on eMBB UEs’ scheduling.
Observation 3: High AL may lead to high blocking probability for gNB scheduling.
2.2.2 PDCCH repetitions
Another approach is to repeat PDCCH transmission to improve reliability of PDCCH reception. A CORESET can be configured for one or multiple PDCCH candidates. Then, there are different options for PDCCH repetitions over the configured CORESETs.
· Option 1a: PDCCH repetitions within the same CORESET with the same monitoring occasion
· Option 1b: PDCCH repetitions within the same CORESET with different monitoring occasions
· Option 2a: PDCCH repetitions over multiple CORESETs with the same monitoring occasion
· Option 2b: PDCCH repetitions over multiple CORESETs with different monitoring occasions
For a CORESET, all PDCCH candidates have the same QCL. Therefore, option 1a and 1b are used for single QCL scenario, while option 2a and 2b can be used for single or multiple QCLs cases. For Option 2a, only digital beamforming can be used, while for Option 2b analog beamforming can be applied. 

For option 1a, a UE is configured with one PDCCH monitoring occasion within a CORESET. In such case, PDCCHs are repeatedly transmitted with the same monitoring occasion. As shown in Figure 1, CORESET 1 configured for UE has 2-symbol duration and PDCCH repetitions are transmitted over the whole CORESET 1. This option is quite similar to PDCCH transmission using higher CCE aggregation level. It can lead to higher blocking probability.
For option 1b, PDCCHs repeat within the same CORESET with the different monitoring occasions. As shown in Figure 2, CORESET 1 with 1-symbol duration is configured for a UE in a slot. PDCCH repetitions are transmitted in time domain, i.e. repeatedly with different PDCCH monitoring occasions. This is beneficial for the case the when CORESET 1 in a single symbol has no sufficient resources for PDCCH repetitions.
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Figure 1. An example of PDCCH repetitions within the same CORESET with the same monitoring occasion
Option 2a and option 2b illustrate two different PDCCH repetitions methods for the different CORESET case. For option 2a, as shown in Figure 3, PDCCH is repeated over two CORESETs, which are located on different frequency bands. In the example, PDCCH repetitions are conducted at the same time resource, i.e. PDCCH monitoring occasion is the same for the repeated PDCCHs. 
For option 2b, PDCCH repetitions over multiple CORESETs and multiple PDCCHs can be transmitted repeatedly at different monitor occasions, as the example in Figure 4. Compared to option 2a, option 2b can easily achieve power boosting transmission for PDCCH.
Compared to option 1b, multiple beams transmissions in option 2a and option 2b can increase the PDCCH diversity gain at UEs side. 
For the combination of the repeated PDCCH transmission, the same contents are included in DCI. Whether the repeated PDCCHs have the same AL should be clarified firstly. If repeated PDCCH with the different AL is allowed. The number of blind decoding would be increased because UEs attempt multiple candidates for the potential combination. Considering the complexity, a certain AL can be configured for the potential combination of the multiple PDCCH. 
Proposal 1: option 1b and option 2a/2b can be considered.

· option 1b: PDCCH is repeatedly transmitted within the same CORESET with different monitoring occasions.
· Option 2a: PDCCH repetitions over multiple CORESETs with the same monitoring occasion.
· Option 2b: PDCCH repetitions over multiple CORESETs with different monitoring occasions.
Proposal 2: A certain AL can be configured for the potential combination of the multiple PDCCH.
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Figure 2. An example of PDCCH repetitions over different monitoring occasions within the same CORESET
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Figure 3. An example of PDCCH repetitions over multiple CORESETs with the same monitoring occasion
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Figure 4. An example of PDCCH repetitions over multiple CORESETs with different monitoring occasions
2.2.3 PDCCH and PDSCH repetitions
For both PDCCH and PDSCH transmission, UE can consider to combine the different transmission to obtain the diversity gain. Two manners for PDCCH and PDSCH repetition can be applied.
Option 1: PDCCH repetitions are transmitted separately from PDSCH transmission 
Option 2: PDCCH is repeatedly transmitted together with PDSCH repetitions 
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Figure 5. PDCCH repetitions are transmitted separately from PDSCH transmission 
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Figure 6. PDCCH is repeatedly transmitted together with PDSCH repetitions 
For option1, UE decodes PDCCH firstly, and then decodes the scheduled PDSCH, as depicted in Figure 5. For a UE, the PDCCH repetitions can be transmitted in CORESET(s) in any slot. UE can process the decoding of PDCCH after buffering for one slot. Once UE decodes control information successfully, UEs can start to decode data immediately. Therefore, option 1 is beneficial to shorten the processing latency.
For option 2, UE’s behaviour need be specified for monitoring PDCCH repetitions, as shown in Figure 6. For combining the repeated PDCCH, UE should be aware of all the PDCCH transmission occasions that are associated with the same PDCCH repetitions. Similar to UL configured grant transmission, a PDCCH monitoring window can be configured for UE. The starting occasion of PDCCH repetitions is fixed at the beginning of the monitoring window. However, it may lead to scheduling restriction. As shown in the example, UE needs to buffer the signal for all repetitions in order to conduct combined decoding. In result, a UE may be able to decode the PDCCH until the last PDCCH repetition is received, which increases the processing latency. 

Proposal 3: For PDCCH and PDSCH repetition, PDCCH repetitions transmitted separately from PDSCH transmission is preferred.
3. Conclusion
In this document, we discuss aspects of ultra-reliability design for URLLC PDCCH with the following observations and proposals. 
Observation 1: High reliability needs to be satisfied for PDCCH for URLLC service. 
Observation 2: Considering PDSCH with repetitions, time domain resources for PDCCH may be restricted within the latency bound 1 ms for URLLC.
Observation 3: High AL may lead to high blocking probability for gNB scheduling.
Proposal 1: option 1b and option 2a/2b can be considered.

· option 1b: PDCCH is repeatedly transmitted within the same CORESET with different monitoring occasions.
· Option 2a: PDCCH repetitions over multiple CORESETs with the same monitoring occasion.
· Option 2b: PDCCH repetitions over multiple CORESETs with different monitoring occasions.
Proposal 2: A certain AL can be configured for the potential combination of the multiple PDCCH.
Proposal 3: For PDCCH and PDSCH repetition, PDCCH repetitions transmitted separately from PDSCH transmission is preferred.
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