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1. [bookmark: _Ref490222521][bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction
In RAN 1#94 meeting, PDCCH enhancement for URLLC are discussed and some agreements are achieved as following[1]:
Further evaluate the potential PDCCH enhancements for NR Rel-16 URLLC.
· Further evaluate PDCCH reliability 
· Further evaluate PDCCH blocking 
· Companies describe the resource utilization 
· Complexity should be considered
· Latency of the enhancement(s) should be considered
In this contribution, we share our view on PDCCH enhancements for URLLC.
2. PDCCH enhancements
2.1. Compact DCI
In Rel-16, three use cases are identified for URLLC, which includes transport industry, power distribution, factory automation[2]. For Power distribution and Factory automation scenario, reliability requirement is 99.9999%. Therefore, PDCCH performance evaluation is required. According to our simulation results on PDCCH performance[3], it can be observed that 40bits payload size with one shot PDCCH transmission does not meet 10-6 BLER target requirement for 700MHz frequency band. The DCI payload size with reduction of 10-16 bits can reach the reliability target. Thus, compact DCI format with small payload size should be adopted for Rel-16 URLLC.
Proposal 1: Compact DCI format should be supported for Rel-16 URLLC.
For compact DCI design, some fields should be redefined for the requirement. 
DL related DCI field
In the following section, the DL-related DCI fields for URLLC DCI are discussed. 
· Identifier for DCI formats
If URLLC DCI for DL and UL has different payload size, this field is not needed. Otherwise, 1 bit identifier is used to distinguish UL and DL DCI format for URLLC.
· Frequency domain resource assignment
For URLLC, the wider frequency bandwidth and the shorter duration in time may be used for achieving low latency. If resource allocation type 0 is used, large bitmap payload for frequency domain RA field is needed, which increases the overhead of RA. Therefore, resource allocation type 1 can be used for URLLC. Based on resource allocation type 1, maximum 16 bits overhead are required with RB granularity in the case of 275 RBs bandwidth. For 3 use cases identified in Rel-16，packet sizes are in the [20-2572] bytes range. A larger RBG granularity can be considered for further reduction of RA overhead. 
Proposal 2: Resource allocation type 1 with a larger RBG size can be applied for frequency domain RA.
· Time domain resource assignment
Currently, time domain resource assignment indicates the set of OFDM symbols used for PDSCH transmission, the start slot, and the PDSCH mapping type. This field is comprised of 4 bits, which indicates the partial combinations due to the limited overhead. Generally, PDSCH mapping type B can be a default configuration and needn’t be indicated. Besides, cross-slot scheduling does not required for URLLC service due to latency requirement. Thus, the starting slot can be absent in URLLC DCI. 
For URLLC DCI, the OFDM symbols indication can be refined. Table 1 lists the starting symbol index relative to the start of the slot. 5 bits are required for all the combinations. In the current mechanism of time domain RA the time reference is relative to slot boundary. The indication of the starting symbols is restricted due to limited number of states. Taken Figure1 as an example, DL grants on the different symbols can only schedule PDSCHs with the same starting symbol due to the restricted indication codepoint.
Table 1 the starting symbol relative to the start of the slot
	Length
	Starting symbols
	The number of combination

	2
	0~11
	29

	4
	0~9
	

	7
	0~6
	


 


Figure 1. DL grant on the different symbol is restricted to schedule PDSCH with the same starting symbol
Considering the latency requirement of URLLC, indication of the relative location of starting symbols is beneficial, for example, the offset of starting symbol relative to the end of the monitoring CORESET can be applied, as shown in Table 2. Compared to Table 1, more flexible positions indication can be achieved in DCI for a DL scheduling. Furthermore, signaling overhead is reduced. The starting symbol position and duration for PDSCH can also be configured by RRC signaling. In this case, no indication is needed and this field can be absent in DCI. 
Table 2 the starting symbol relative to the end of the CORESET 
	Length
	Offset

	2
	0,1

	4
	0,1

	7
	0,1


Notes: Offset 0 expresses CORESET is embedded in PDSCH transmission. Offset 1 expresses the starting symbol of PDSCH is next to the end of the monitoring CORESET in time domain. Other value is FFS.
Proposal 3: Time domain resource assignment with 0-2bits indicates the starting symbol relative to the end of the CORESET. 
· VRB-to-PRB mapping
VRB-to-PRB mapping can achieve the distributed resource allocation, which can obtain frequency diversity gain. If this field is triggered, the localized or distributed mapping can be applied. The localized mapping with frequency hopping is beneficial for gNB scheduling, while distributed mapping can obtain frequency diversity gain. One bit can be used for triggering VRB-to-PRB mapping. If the enabling VRB-to-PRB mapping is configured by RRC signaling, this field can also be absent in DCI.
· MCS and RV
For URLLC service with the different reliability requirement, the lower code-rate entries is added to meet BLER target requirement. High modulation order entries can be removed for saving the number of entries. Although 4 bits CQI table is used for URLLC CSI report. MCS table with the fewer entries can be configured by gNB. Thus, 2 - 4bits MCS field can be considered. 
Considering the latency requirement, the self-decodable RV is suggested, e.g. {0, 0, 0, 0} and {0, 3, 0, 3} is used with 1 bit overhead. Furthermore, if a certain RV sequence is configured by RRC signaling, this field can be absent.
· HARQ process number 
For URLLC service, non-slot scheduling is suitable to reduce HARQ round trip time. Thus, the number of HARQ processes can be decreased. Moreover, for URLCC service with low data rate, HARQ process number field with 2 or 3 bits can be configured. Similar to discussion in grant free section, a time window with a certain number of (re)transmission occasions can be configured for a UE. During this time window, UEs use the same HARQ process number. Considering the latency of service, after the time window, data in the soft buffer is deemed as expired. Therefore, the same HARQ process ID can be reused for the new data. 
· New data indicator
As discussed hereinbefore, if multiple repetition transmissions with the same HARQ process ID is only restricted in a window, this information can be implicitly obtained. In this case, this field can be absent.
· PDSCH-to-HARQ feedback timing indicator
In fallback DCI, this field indicates the slot number of HARQ-ACK relative to the slot boundary of PDSCH reception. For URLLC service, the reduced feedback timeline is needed. Because the ARI indicates the symbols, the reduced value range can be adopted. For example, one bit indicates the HARQ timing, in which a code-point expresses PUCCH transmission on the same slot with PDSCH, another code-point expresses PUCCH transmission on the subsequent slot after PDSCH slot. The shorten timing indicator is beneficial for low latency scenario. If the fixed n+k timing is configured by RRC signaling, this field can be absent. 
The URLLC DCI fields for DL are listed in table 3.
Table 3 URLLC DCI field for DL:
	URLLC DCI for DL assignment
	Bits
	Comment

	Identifier for DCI formats
	1
	If DL and UL DCI have the different payload size, the field can be absent.

	Frequency domain resource assignment
	9-[11]
	When RBG size with 2 RBs, payload size is 9 bits assuming 50 RBs bandwidth. [9 bits]
If current frequency domain RA is used, payload size occupies 11 bits.  [11 bits]

	Time domain resource assignment
	0-[2]
	The starting symbol relative to the end of the CORESET can be considered. [2 bits]
If the starting symbol relative to the CORESET and duration are configured by RRC signaling, this field can be absent.[0 bit]

	VRB-to-PRB mapping
	0-[1]
	This field can achieve the distributed resource allocation. [1bit]
If the enabling mapping is configured by RRC signaling, this field can be absent.[0 bit]

	Modulation and coding scheme 
	2-[4]
	Based on the lower modulation orders and code rates, the number of bits can be configured. 2 bits can be used for small packet service. [2 bits], while 4 bits can be used for large packet service. [4 bits]

	New data indicator
	0-[1]
	If repeated transmissions with the same HARQ process ID are only restricted in a window, this information can be implicitly obtained. In this case, this field can be absent.[0 bit]
Otherwise, 1bit is applied.[1 bit] 

	Redundancy version
	0-[1]
	The self-decodable RV sequence can be applied. [1 bit]
If RV sequence is configured by RRC signaling, this field can be absent.[0 bit]

	HARQ process number 
	0-[3]
	If one HARQ process ID is configured by RRC signaling, this field is absent [0 bit]
Otherwise, the reduced number of process is applied. [ 3bits]  

	TPC command for PUCCH 
	0-[2]
	If power control bases on open loop adjustment, this field can be absent.[0 bit]
Otherwise, 2 bits are applied. [2 bits]

	PUCCH resource indicator
	0-[2]
	If a PUCCH resource is configured  by RRC signaling, this field can be absent.[0 bit]
Otherwise, 2 bits are applied. [2 bits]

	PDSCH-to-HARQ feedback timing indicator
	0-[1]
	Only the lower latency scenario is considered. [1bit]
If the fixed n+k timing is configured by RRC signaling, this field can be absent.[0 bit]

	RNTI and CRC
	24
	

	Total 
	36-[53]
	


UL related DCI field
For UL related DCI field, more combinations are observed in time domain resource assignment. For PUSCH mapping type B, the different lengths of PUSCH are supported, in which there is a maximum number of 105 combinations from 1 symbol to 14 symbols. gNB can configure a table for a UE with the limited number of entries. Similar to DL assignment, UL grants on the different symbols can be restricted to schedule PUSCH with the same starting symbol due to the limited signaling indicating, as shown in Figure 2. Thus, it is suggested that time domain resource assignment indicates the PUSCH length and the offset relative to the CORESET where the UL grant is monitored. The offset should take into account processing time for UL transmission. Furthermore, when the starting symbol offset and duration are configured by RRC signaling, this field is absent.
The URLLC DCI fields for UL are listed in table 4.


Figure2. UL grant on the different symbol is restricted to schedule PUSCH with the same starting symbol 
Proposal 4: For time domain resource assignment, the time offset of starting symbol of PUSCH relative to the CORESET where UL grant is monitored and the duration of PUSCH are indicated for a UE.
Table 4 URLLC DCI field for UL:
	URLLC DCI for UL assignment
	Bits
	Comment

	Identifier for DCI formats
	1
	If DL and UL DCI have the different payload size, the field can be absent.

	Frequency domain resource assignment
	9-[11]
	When RBG size with 2 RBs, payload size is 9 bits assuming 50 RBs bandwidth.
If current frequency domain RA is used, payload size occupies 11 bits.  [11 bits]

	Time domain resource assignment
	0-[2]
	The starting symbol relative to the end of the CORESET can be considered. [2 bits]
If the starting symbol relative to the CORESET and duration are configured by RRC signaling, this field can be absent.[0 bit]

	Frequency hopping flag
	0
	This field can be enabled as default for URLLC service 

	Modulation and coding scheme 
	2-[4]
	Based on the lower modulation orders and code rates, the number of bits can be configured. 2 bits can be used for small packet service. [2 bits], while 4 bits can be used for large packet service. [4 bits]

	New data indicator
	0-[1]
	If repeated transmissions with the same HARQ ID are only restricted in a window, this information can be implicitly obtained. In this case, this field can be absent.[0 bit]
Otherwise, 1bit is applied.[1 bit]

	Redundancy version
	0-[1]
	The self-decodable RV sequence can be applied. [1 bit]
If RV sequence is configured by RRC signaling, this field can be absent.[0 bit]

	HARQ process number 
	0-[3]
	If one HARQ process ID is configured by RRC signaling, this field is absent [0 bit]
Otherwise, up to 3bits is applied. [up to 3bits]  

	TPC command for PUSCH 
	0-[2]
	If power control bases on open loop adjustment, this field can be absent.[0 bit]
Otherwise, 2bits are applied. [2 bits]

	RNTI and CRC
	24
	

	Total 
	36-[49]
	Payload size is the same as UL fallback DCI assuming 50 RBs bandwidth. 


Notes: This table does not use the aligned bits between DL and UL DCI size, which does not impact SUL bits.
Proposal 5: Table 3 and table 4 are used for compact DCI design.
2.2. PDCCH repetition transmission 
According to simulation results as above mentioned, the reliability of PDCCH transmission can be improved by reducing the payload size of DCI and the reliability requirement could be met with compact DCI. Regarding other enhancement of PDCCH, e.g. PDCCH repetition transmission, further clarification on the motivation may be needed. If the necessity is identified, PDCCH repetition can be investigated. PDCCH repetition can base on frequency domain, time domain and multiple TRP transmission and so on.  
Frequency domain PDCCH repetition is similar to higher aggregation level, which is not improving blockage probability and can bring the additional overhead, such as multiple CRC payloads. For time domain PDCCH repetition, time selective gain can be obtain if no combination is allowed. When the combination of multiple PDCCH is supported, the additional coding gain can be provided. For the combination of PDCCH, much specification effort can be required. 
Proposal 6: If the necessity is identified, PDCCH repetition can be investigated.
2.3. PDCCH block probability
According to SID or NR URLLC, RAN1 focuses on the use cases including power distribution, transport industry, factory automation, and Rel-15 enabled AR/VR use case. In RAN1 #94bis meeting[4], the detailed requirements of these use cases were discussed and conclusion was made, as shown in the following table. From these use cases, we can observe that there are two types of traffic model, i.e. periodic traffic and aperiodic traffic. For power distribution case 2, factory automation and transport industry use cases, periodic and deterministic traffic model is assumed. In such cases, semi-persistent scheduling is more applicable rather than depending on dynamic scheduling. Therefore, there is no PDCCH blocking issue for use cases with periodic traffic.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Observation 1: For use cases with periodic traffic, semi-persistent scheduling is more useful than dynamic scheduling, where PDCCH blocking issue could be avoided.
On the other hands, aperiodic traffic is adopted for power distribution case 1 and Rel-15 enabled use case. For power distribution case 1, packet arriving interval is 100 ms and up to 10 UEs per cell are assumed, which means a UE is scheduled at average 10 ms interval. With such large average packet arriving interval, there could be sufficient resources for PDCCH scheduling URLLC traffic. Regarding Rel-15 enabled use case, it can be seen that both small and large packet sizes need to be supported. In this case, both the performance of PDCCH and performance of data should be ensured. For example, with considerable number of UEs, large amount of resources may be needed for scheduling multiple UEs with large packet size. In result, there could be bottleneck for data transmission due to limited resources. In this case, PDCCH blocking may or may not occur. 
In [5], PDCCH blocking probability was evaluated, where it showed that PDCCH blocking probability increases with more users in the cell. In result, PDCCH blocking leads to decreasing of number of UEs satisfying URLLC requirements. However, it seems that only PDCCH outage was taken into account in the evaluation. As discussed above, data transmission may already reach the outage due to the limited resource for data before PDCCH blocking occurs, especially with large packet size. Besides, whether there is PDCCH blocking issue depends on the resources for control channel, resources for data transmission, packet arriving rate and number of UEs. Therefore, to evaluate PDCCH blocking probability, both outage of PDCCH transmission and outage of data transmission should be taken into account. 
Observation 2: There is no PDCCH blocking issue for URLLC use cases except for Rel-15 enabled AR/VR use cases.
[bookmark: _GoBack]Proposal 7: Further clarify whether there is PDCCH blocking issue for URLLC Rel-15 enabled AR/VR use cases. To evaluate PDCCH blocking probability and system impact, both PDCCH outage and data outage shall be taken into account.
Table 5: URLLC use cases
	Use case
(Clause #)
	Reliability (%)
	Latency (ms)
	Data packet size  and traffic model
	Description 

	Power distribution
(22.804:5.6.4 &5.6.6)
	99.9999
	5(end to end latency)

Note: 2-3 ms air interface latency 
	DL & UL:
100 bytes 

ftp model 3 with arrival interval 100 ms
	Power distribution grid fault and outage management 

	
	99.999 
	15(end to end latency)

Note: 6-7 ms air interface latency
	DL & UL:
250 bytes  
Periodic and deterministic with arrival interval 0.833 ms

Random offset between UEs 

	Differential protection

	Factory automation

	99.9999
	2(end to end latency)

Note: 1 ms air interface latency 
	DL & UL:
32 bytes
Periodic deterministic traffic model with data arrival interval 2 ms
	Motion control

	Rel-15 enabled use case (e.g. AR/VR)  
	99.999 
	1ms (air interface delay) for 32 bytes

1 ms and 4 ms (air interface delay) for 200 bytes 
	DL & UL:
32 and 200 bytes 

FTP model 3 or periodic with different arrival rates
	

	
	99.9
	7ms (air interface delay)
	DL & UL:
4096, 10 K
FTP model 3 or periodic with different arrival rates
	

	Transport Industry
(22.186: 5.5)
	99.999
	5 (end to end latency)

Note: 3ms air interface latency 
	For UL: 
2.5 Mpbs; Packet size 5220 bytes
For DL: 
1Mbps; Packet size 2083 bytes

Note: Data arrival rate 60 packets per second for periodic traffic model
	Remote driving 


	Transport Industry
(23.501, 22.261)
	99.999
	10(end to end latency)
Note: 7ms air interface latency
	UL&DL: 
1.1 Mbps, Packet size 1370 bytes 

Note: Data arrival rate 100 packets per second for periodic traffic model
	Intelligent transport system (ITS)



2.4. Increased PDCCH monitoring capability
The number of BDs and CEs are defined per slot in Rel-15. The UE capability for PDCCH BD/CE for case 2 is same as that of case 1-1 and case 1-2. In URLLC, non-slot based transmission may be baseline. Although the current UE capacity might be sufficient for slot-based scheduling, they may not be enough for accommodating a large number of monitoring occasions with mini-slot level per slot. For example, 7 monitoring occasions can be configured in a slot, when 2-symbol mini-slot is used. Thus, URLLC UE shall support the higher capacity of blind detection/channel estimation. 
For UEs, the capability of BDs should be defined in a slot as well as in each PDCCH monitoring occasion. The number of BD per slot can be increased. In the first PDCCH occasion, considering the possible scheduling of both eMBB and URLLC, it should be larger than other occasions. The number of BDs in the subsequent monitoring occasions shouldn’t be too many considering aggressive processing time for URLLC. Similar to the design of LTE sTTI, up to [86] (44+6*7) BDs per slot and 6 BDs per occasion can be defined as UE capacity supporting URLLC. Figure 3 shows one example of BD capability distribution in one slot with seven PDCCH monitoring occasions assuming maximum 6 BDs per PDCCH monitoring occasion. 
[image: ]
Figure 3.  Example for number of BD distribution in one slot with 7 PDCCH monitoring occasions
The PDCCH decoding complexity for a serving cell is determined based on both the number of blind decodes and the channel estimation complexity as characterized by the number of CCEs. To guarantee the reliability of PDCCH reception for URLLC, aggregation level with 16 CCEs should be configured. On the other hand, URLLC service with the sporadic arrival and stringent latency constraint, at least one PDCCH candidate with the higher AL should be configured per PDCCH monitoring occasion. In an extreme case, there would be at least 168 (56+16*7) CCEs per slot for monitoring. 
Proposal 8: PDCCH BD/CE capability enhancement should be supported for URLLC. UE capacity is defined as two dimensions: 
· the maximum number of BD/CE per slot.
· the maximum number of BD/CE per monitoring occasion.
3. Conclusion
In the contribution, we have some investigations on URLLC PDCCH enhancement, and propose that,
Observation 1: For use cases with periodic traffic, semi-persistent scheduling is more useful than dynamic scheduling, where PDCCH blocking issue could be avoided.
Observation 2: There is no PDCCH blocking issue for URLLC use cases except for Rel-15 enabled AR/VR use cases.
Proposal 1: Compact DCI format should be supported for Rel-16 URLLC.
Proposal 2: Resource allocation type 1 with a larger RBG size can be applied for frequency domain RA.
Proposal 3: Time domain resource assignment with 0-2bits indicates the starting symbol relative to the end of the CORESET.
Proposal 4: For time domain resource assignment, the time offset of starting symbol of PUSCH relative to the CORESET where UL grant is monitored and the duration of PUSCH are indicated for a UE.
Proposal 5: Table 3 and table 4 are used for compact DCI design.
Proposal 6: If the necessity is identified, PDCCH repetition can be investigated.    
Proposal 7: Further clarify whether there is PDCCH blocking issue for URLLC Rel-15 enabled AR/VR use cases. To evaluate PDCCH blocking probability and system impact, both PDCCH outage and data outage shall be taken into account.
Proposal 8: PDCCH BD/CE capability enhancement should be supported for URLLC. UE capacity is defined as two dimensions: 
· the maximum number of BD/CE per slot.
· the maximum number of BD/CE per monitoring occasion.
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