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[bookmark: _Ref124589705][bookmark: _Ref129681862][bookmark: _Ref129681832]Introduction
This document summarizes the key issues discussed under agenda item 7.2.6.1.1 based on the views expressed in the contributions submitted to this agenda. The agreements related to PDCCH enhancements achieved in the previous meetings are listed in Appendix A.
PDCCH enhancements  
Many companies have provided analysis and/or evaluation to study PDCCH enhancements [1][2][3][4][5][6][7][8][9][10][11][12][13][14][15][16][17][18][19][20][21][22][23][24][25], mainly focus on PDCCH evaluation, compact DCI, PDCCH repetition and increased PDCCH monitoring capability. 
Evaluation on Rel-15 PDCCH  
The new Rel-16 SI on URLLC has defined much more stringent requirements (Higher reliability up to 1E-6 level) for the new identified use-cases such as Factory automation, Transport Industry, and Electrical Power Distribution. Especially, one big difference from Rel-15 is that the requirement to support multiple users. In the RAN1#94 meeting, it was agreed to further evaluate PDCCH reliability and PDCCH blocking.
  PDCCH reliability 
[bookmark: OLE_LINK1]As discussed in contributions submitted to section 7.2.6.1.1, for some use cases, e.g. transport industry and differential protection, the requirement of reliability is 99.999%, while for some other use cases, e.g. factory automation, the requirement of reliability is 99.9999%. The evaluation of PDCCH reliability should consider the requirement of reliability for the identified use cases. What operating target BLER for PDCCH to use depends on many factors, like the reliability requirement of data and/or whether to consider retransmissions. If HARQ retransmissions are allowed, the operating target BLER for PDCCH can be relaxed. However, it can be expected that when the latency budget is not sufficient, one-shot transmission has to be supported. In this case, the operating target BLER for PDCCH should be significantly smaller than the overall reliability requirement, e.g. target BLER of 1e-6 for PDCCH is required to meet the requirement of 1e-5 for data. Considering the operating BLER of PDCCH is essential for study PDCCH enhancements, we can consider moving forward with the following proposal: 
Outcome from Monday afternoon offline session: 
Proposal 2.1-1: For link-level PDCCH evaluation, the target operating BLER of DCI(s) scheduling HARQ-less PDSCH/PUSCH should be smaller than 1e-x in Rel-16 NR URLLC, at the 5%-tile SINR geometry.   
· x is the reliability requirement given in the table of representative use case for evaluation agreed in the RAN1#94bis  meeting.
· The 5%-tile SINR geometry is obtained by system-level simulation assuming full buffer.
· This target is applied to the cases where HARQ based retransmission is not feasible within the latency bound. 

The above proposal was agreed on Wednesday online session with some modification.
    
Some companies have provided some initial evaluations on the PDCCH reliability:
	Contribution [Huawei, R1-1812221] 
 
Figure 1 Evaluation results for PDCCH reliability with SCS 30 kHz

Figure 2 Evaluation results for PDCCH reliability with SCS 60 kHz

Observation 1: For carrier frequency 4 GHz with 4 Rx at the UE side, Rel-15 NR PDCCH (e.g. DCI payload size 40 bits and AL=16) can meet the reliability of 99.999%.



	Contribution [Qualcomm, R1-1813433]
[image: ]
Figure 4: Performance comparison between different DCI sizes (30 bits vs 40 bits) for TDL-C channel with 2Tx/4 Rx.

Observation 2: Considering the PDCCH payload size of 40+CRC bits and AL = 8, the BLER of 1e-6 is achievable at a SNR range of below -3dB. 



	Contribution [Ericsson, R1-1812153]
[image: ]
Figure 1: TDL-C 300ns, 40 MHz, 4GHz, 4Rx antennas, 1os
[image: ]
Figure 2: TDL-C 300ns, 40 MHz, 4GHz, 4Rx antennas, 2os
Table 2: SNR required (dB) to achieve 10-5 BLER target
	Assumption
	AL16

	
	40b
	30b
	24b

	4GHz, 4Rx, TDL-C 300ns, 1os
	-6.86
	-7.18
	-7.34

	4GHz, 4Rx, TDL-C 300ns, 2os
	-6.72
	-7
	-7.26



[image: ]
[bookmark: _Ref528336574]Figure 3: DL geometry of the the urban macro scenario

[bookmark: _Toc509832033][bookmark: _Toc510080359][bookmark: _Toc510632109][bookmark: _Toc510690113][bookmark: _Toc510700885][bookmark: _Toc510701044][bookmark: _Toc510774011][bookmark: _Toc510775986][bookmark: _Toc510788396][bookmark: _Toc525217037][bookmark: _Toc525220322][bookmark: _Toc525657378][bookmark: _Toc525658458][bookmark: _Toc525721074][bookmark: _Toc525821505][bookmark: _Toc525830311][bookmark: _Toc525831720][bookmark: _Toc525832654][bookmark: _Toc525832853][bookmark: _Toc525926653][bookmark: _Toc525943999]Existing NR PDCCH design provides sufficient performance for macro scenario, e.g., BLER =10-5 of fallback DCI (40 bits) with AL16 can be achieved at SNR much lower than the corresponding Q-value. 



	Contribution [Intel, R1-1813875]
[image: ]
[bookmark: _Ref525733811]Figure 1. PDCCH BLER evaluation results (simulation assumptions are tabled in Annex-B)

[image: ]
[bookmark: _Ref529194127]Figure 2. PDCCH BLER evaluation results (latest agreed simulation assumptions as tabled in Annex-C)

[image: cid:image001.png@01D46F55.8C54D4A0]
[image: cid:image002.png@01D46F55.8C54D4A0]
Figure 2. DL geometry SINR CDF, for agreed assumptions in eURLLC



	Contribution [NTT DOCOMO, R1-1813324]
· Smaller DCI payload (e.g., 24 bits) offers performance gain of 1 – 2 dB for the required SNR at BLER=0.5*10-5, compared to the DCI payload of 40 bits.
· Even with the DCI payload of 40 bits, operating SNR for PDCCH with AL=8 or AL=16 can be lower than 3dB, which is the cell-edge DL SINR.
It is important to keep improving BLER performance of PDCCH by using as lower AL as possible for better system efficiency and reducing PDCCH blocking probability.



	Contribution [MediaTek, R1-1812374]
Figure 1 shows the performance of NR PDCCH for carrier frequency 700MHz and 4GHz. We can observe from the figures that, for the current DCI payloads (about 37 bits for fall-back DCI) and for carrier frequency 700MHz, NR PDCCH doesn’t meet the reliability requirements of URLLC at SNR -3 dB (2-symbol CORESET, SCS 30KHz, TDL-A channel delay spread 30ns). This shows that aggregation level 16 is not sufficient to meet the URLLC control channel reliability. 
Observation 3: For carrier frequency 700MHz with 2 Rx at the UE side, the current NR-PDCCH cannot meet the reliability requirement of 5*10-7at SNR -3dB even with highest AL.

	[image: ]     
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[bookmark: _Ref520904728][bookmark: _Ref528745708]Figure 1: Performance of NR-PDCCH with different DCI payloads for carrier frequency 700MHz and 4GHz.




	Contribution [Vivo, R1-1810395]
[image: ]
(1) 4GHz frequency
[image: ]
(2)700MHz frequency
Figure1 PDCCH link level performance for Rel-16 URLLC
Table 1a The required SINR[dB] corresponding to BLER target in link simulation(TDL-C, DS=300ns, AL=16CCE)
	4GHz 
	Target BLER[dB]
	40bits
	24 bits
	15 bits

	
	10-5
	-6.203
	-7.118
	-7.748

	
	10-6
	-5.829
	-6.748
	-7.395



	700MHz 
	Target BLER[dB]
	40bits
	24 bits
	15 bits

	
	10-5
	-2.172
	-3.219
	-3.757

	
	10-6
	-1.693
	-2.752
	-3.274



Table 1b  The required SINR[dB] for 5% geometry in system level simulation
	Frequency
	5th% SINR[dB]

	4GHz
	-2.696

	700MHz
	-1.729



Observation 1: For 700MHz with 2 Rx at UE, the PDCCH cannot meet BLER 10-6 requirement.



	Contribution [ZTE, R1-1812384]
As observed in preliminary SLS, the 5th percentile SINR for carrier frequency 4 GHz for Remote Driving, Factory Automation and Electrical Power Distribution are -3.78dB, -3.14dB and -2.11dB respectively [4]. The 5th percentile SINR for carrier frequency 700 MHz for Remote Driving and Electrical Power Distribution are -3.49dB and -2.88dB respectively [5]. Combined with the link level results (Figure 1 for carrier frequency 4 GHz and Figure 2 for carrier frequency 700 MHz), Rel-15 NR PDCCH (e.g. DCI payload size = 40 bits and Aggregation Level(AL) = 16 CCEs) can meet the reliability requirements of URLLC for carrier frequency 4 GHz. But it can’t meet the reliability requirements of URLLC for carrier frequency 700 MHz under TDL-A model.
Proposal 1: PDCCH enhancements should improve PDCCH reliability for Rel-16 URLLC. 
[image: ]
Figure 1 PDCCH BLER, 4GHz with 4Rx, TDL-C, 300ns
[image: ]
Figure 2 PDCCH BLER, 700MHz with 2Rx, TDL-A, 30ns



Based on the above inputs, we can get the following observations:
Observation 2.1-1: For carrier frequency 700MHz with 2Tx/2 Rx at the UE side, Rel-15 NR PDCCH (e.g. DCI payload size 40 bits and AL=16) cannot meet the reliability of 99.9999% or higher at the 5%-tile SINR geometry.
Conclusion from Monday afternoon offline session: 
Further evaluate PDCCH reliability at 700 MHz
Further study whether 700 MHz is the target use case for the most stringent latency and reliability requirement use case.
Observation 2.1-2: For carrier frequency 4 GHz with 4 Rx at the UE side, Rel-15 NR PDCCH (e.g. DCI payload size 40 bits and AL=16) can meet the reliability of 99.9999% at the 5%-tile SINR geometry.
The evaluation on PDCCH reliability is meaningful and the observations can give some guidance for the potential enhancements. The above observations should be captured in the TR 38.824.  

Proposal 2.1-2: Capture the following observations in TR 38.824:
· For carrier frequency 700MHz with 2 Rx at the UE side, Rel-15 NR PDCCH (e.g. DCI payload size 40 bits and AL=16) cannot meet the reliability of 99.9999% or higher. 
· For carrier frequency 4 GHz with 4 Rx at the UE side, Rel-15 NR PDCCH (e.g. DCI payload size 40 bits and AL=16) can meet the reliability of 99.9999%.
As defined in the SID, Rel-16 URLLC should consider both FR1 and FR2 as well as TDD and FDD. Based on the above observations, though PDCCH reliability can be met for 4 GHz, but cannot meet the requirement for 700 MHz. Therefore, some PDCCH enhancements for improving PDCCH reliability would be needed. In addition, as DOCOMO mentioned, it is important to keep improving BLER performance of PDCCH by using as lower AL as possible for better system efficiency and reducing PDCCH blocking probability. 
Proposal 2.1-3: Study potential PDCCH enhancements for improving PDCCH reliability at least targeting 99.9999% for Rel-16 URLLC. 

	Company
	View

	
	

	
	

	
	

	
	



  PDCCH blocking 
Some companies have provided some initial evaluations and/or analysis on the PDCCH blocking:
	Contribution [Huawei, R1-1812221] 
Table 2 - Percentage of users satisfying latency requirements for a given scheduling delay
	SCS
	Use case

	
	Remote Driving 
(1ms PDCCH scheduling delay)
(#UEs)
	AR/VR
(0.5ms PDCCH scheduling delay)
(#UEs)

	
	2
	6
	10
	5
	10
	15
	20

	30 kHz
	100%
	83.33%
	80%
	40%
	20%
	13.33%
	5%

	60 kHz
	100%
	83.33%
	70%
	40%
	20%
	6.67%
	5%



 Table 3 the ratio of UEs satisfying the 1ms latency and PDCCH blocking smaller than 1e-5 
	Use case
	SCS
	BLER
	UE number

	
	
	
	10
	15
	20
	30

	V2X
	30
	10^-5
	80%
	73.33%
	60%
	50%

	
	60
	10^-5
	70%
	66.67%
	60%
	36.67%



Observation 3: PDCCH blocking is seen in the investigated use cases AR/VR and Remote Driving
· For Remote Driving, even for a moderate number of users, only a certain percentage of UEs could meet the latency requirement, e.g. for 30 kHz SCS and 6 configured users, only 83% of the UEs could be scheduled within 1ms.
· For AR/VR, even for 5 configured users, only 40% can be scheduled within the given latency bound.
· The number of URLLC users that can be supported is heavily impacted by PDCCH blocking 




	[bookmark: OLE_LINK32]Contribution [Ericsson, R1-1812153] 
Blocking probability is computed based on the AL distribution and search space design, assuming: 
· each UE is scheduled with one DCI and 
· all UEs are scheduled simultaneously and 
· the number of PDCCH candidates for each AL 1, 2, 4, 8, 16 are 8, 8, 4, 2, 1, respectively.
[image: ]
Figure 4: Blocking probability as a function of DCI size, number of UEs, and CORESET sizes
1. [bookmark: _Toc525657380][bookmark: _Toc525658460][bookmark: _Toc525721076][bookmark: _Toc525821507][bookmark: _Toc525830313][bookmark: _Toc525831722][bookmark: _Toc525832656][bookmark: _Toc525832855][bookmark: _Toc525926655][bookmark: _Toc525944001][bookmark: _Toc528950336]Blocking probability depends on several parameters such as CORESET size, number of UEs, and traffic load. 
[bookmark: _Toc525821508][bookmark: _Toc525830314][bookmark: _Toc525831723][bookmark: _Toc525832657][bookmark: _Toc525832856][bookmark: _Toc525926656][bookmark: _Toc525944002][bookmark: _Toc528950337]Reducing DCI size by 40% (40bits to 24 bits) provides only small improvement for blocking probability. 
[bookmark: _Toc525831724][bookmark: _Toc525832658][bookmark: _Toc525832857][bookmark: _Toc525926657][bookmark: _Toc525944003][bookmark: _Toc528950338]Using more control resources such as larger CORESET size can provide much significant improvement to the blocking probability.  



	Contribution [CATT, R1-1812628] 
Even if configured grants are employed to reduce the PDCCH overhead, PDCCH monitoring for DL scheduling can become a bottleneck as the required PDCCH capacity increases with XA actuators and the AL distribution. Table 1 shows the number of PDCCH monitoring occasions for a 40MHz system BW with 1-symbol CORESET duration and two different values for the number of actuators. Note that even higher values of the number of UEs in a cell were proposed in the email discussion of [94-NR-06].
[bookmark: _Ref525746007]Table 1 Number of PDCCH monitoring occasions required for half a cycle in motion control for 1-symbol CORESET and average AL usage of 8 CCEs
	Number of actuators
	SCS (KHz)
	CORESET BW (RBs)
	PDCCH capacity

	
	
	
	CCEs
	Monitoring occasions per 0.5ms

	4
	30
	106
	32
	2

	
	60
	51
	
	4

	10
	30
	106
	80
	5

	
	60
	51
	
	10


 
It can be seen in Table 1 that the PDCCH overhead quickly becomes a limiting factor for system operation just for DL-only scheduling.   



	Contribution [NTT DOCOMO, R1-1813324] 
As can be seen in Figure 4, with 3 or 4 DCIs per CORESET in the same PDCCH monitoring occasion, the PDCCH blocking probability cannot be lower than 10-2 for 4 GHz.
[image: ]
Fig. 4	PDCCH blocking probability.
Proposal 4:
· Make more progress on traffic models and UE density in the cell, before concluding whether the PDCCH blocking probability is a critical problem.



	Contribution [ZTE, R1-1812384]
[image: ]
Figure 3 PDCCH blocking probability

Proposal 2: PDCCH enhancements should reduce the PDCCH blocking for Rel-16 URLLC.  



Based on the above evaluation results and analysis, we can get the following observations:
Observation 2.1-3: PDCCH blocking probability depends on several parameters such as CORESET size, number of UEs, and traffic model. 
Observation 2.1-4: When the number of users per cell is 2 to 10, PDCCH blocking probability could be higher than 1e-5. PDCCH blocking probability becomes worse with the increase of number of users.  

Proposal 2.1-4: Capture the following observations in TR 38.824:  
· PDCCH blocking probability depends on several parameters such as CORESET size, number of UEs, and traffic model. 
· When the number of users per cell is 2 to 10, PDCCH blocking probability could be higher than 1e-5. PDCCH blocking probability becomes worse with the increase of number of users.
Based on the discussion in the contributions and the above observations, it can be observed that some tools/mechanisms are needed to address the PDCCH blocking (e.g. compact DCI, PDCCH repetition, spending more resources on control). However, as DOCOMO mentioned that whether it is a critical problem depends on the traffic model and UE density. Vivo and Samsung think that both PDCCH and PDSCH should be considered when determining the PDCCH blocking. More discussion is needed on the impact from PDCCH blocking and which tools would be most suited to mitigate PDCCH blocking (if needed). In addition, InterDigital (R1-1813234) proposed adaptive PDCCH blind detection to address the PDCCH blocking issue. 
Proposal 2.1-5: Further study the impact from PDCCH blocking and the potential PDCCH enhancements to reduce the PDCCH blocking. The following enhancements can be considered:   
· Compact DCI
· PDCCH repetition 
· Increased PDCCH monitoring capability 
· Adaptive PDCCH blind detection 
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	View

	
	

	
	

	
	

	
	



Compact DCI
  Evaluation of compact DCI from PDCCH reliability perspective   
Some companies have provided evaluation of compact DCI from PDCCH reliability perspective:
	[bookmark: OLE_LINK34]Contribution [Ericsson, R1-1812153]
Table 3 SNR improvement (dB) at BLER target for TDL-C 300ns, 4GHz, 4Rx, 1os
	BLER target
	Payload size excluding CRC bits (A->B)
	Total number of bits reduction
	Performance Benefit (dB)

	
	
	
	AL16
	AL8
	AL4
	AL2
	AL1

	1e-5
	40->30
	10
	0.31
	0.38
	0.41
	0.55
	1.13

	
	40->24
	16
	0.47
	0.58
	0.68
	0.95
	1.94



[bookmark: _Toc525657379][bookmark: _Toc525658459][bookmark: _Toc525721075][bookmark: _Toc525821506][bookmark: _Toc525830312][bookmark: _Toc525831721][bookmark: _Toc525832655][bookmark: _Toc525832854][bookmark: _Toc525926654][bookmark: _Toc525944000][bookmark: _Toc528950335]Compact DCI provides only small PDCCH performance gain at high AL and moderate gain at low AL. 



	Contribution [Huawei, R1-1812221]
It can be observed that for AL 2-16 there is around 1 dB gain when the smaller payload is applied and for AL1 the gain is approximately 2dB. 
[image: ]
Figure 4 - SINR/BLER mapping for AL1-AL16 @40bits and 24bits payload (30 kHz SCS)
[image: ]
Figure 5 - SINR/BLER mapping for AL1-AL16 @40bits and 24bits payload (60 kHz SCS)



	Contribution [MediaTek, R1-1812374]
Compact DCI has been studied in Rel-15 and simulation results in Figure 1 show that reducing the DCI size from 40 bits down to 24 bits provides gains of ~1dB and ~1.2dB for both for AL16 and AL8, respectively. In addition to meeting the URLLC requirements, compact DCI will reduce the required AL to achieve a specific PDCCH BLER target.
[image: ]
[bookmark: _Ref528857285]Figure 5 : Performance of NR-PDCCH with different DCI payloads for carrier frequency 700MHz and with different ALs
Observation 9: The Use of compact DCI allows to meet the reliability requirement and also enhances the spectral efficiency.



	Contribution [Qualcomm, R1-1813433]
[image: ]
Figure 4: Performance comparison between different DCI sizes (30 bits vs 40 bits) for TDL-C channel with 2Tx/4 Rx.
[image: ]
Figure 5: Performance comparison between different DCI sizes (30 bits vs 40 bits) for TDL-A channel with 2Tx/4 Rx.




	Contribution [ZTE, R1-1812384]
As observed in [6], about 0.5dB gain can be obtained by a compact DCI with 10 bits payload reduction from a normal DCI size of 40bits for AL16/8.
[image: ]
Figure A-1: PDCCH BLER, 4GHz with 4Rx,  TDL-C, 300ns



	Contribution [Nokia, R1-1813113]
Table A: SINR gain with 30-bit DCI vs 40-bit DCI at BLER of 1e-4
	SINR gain (dB)
	4GHz, 4Rx
	700MHz, 2Rx

	
	TDL-A 30ns
	TDL-C 300ns
	TDL-A 30ns
	TDL-C 300ns

	AL 8
	~0.4
	~0.8
	~0.4
	~0.8

	AL 16
	~0.3
	~0.3
	~0.3
	~0.4



Observation A1: With the agreed RAN1 link level simulation assumptions, 0.4~0.8 dB gain can be achieved with the compact DCI (30 bits vs. 40 bits) with AL 8 at BLER=10-4.
Observation A2: With the agreed RAN1 link level simulation assumptions, 0.3~0.4 dB gain can be achieved with the compact DCI (30 bits vs. 40 bits) with AL 16 at BLER=10-4.

	Contribution [Pansonic, R1-1812899]
The performance benefit of compact DCI in term of required SINR at target BLER=1E-5 of 10 companies are summarized [2] as shown in Table 2.1. 
Table 2.1 Summary of gains by reducing the DCI payload size [2]
	Aggregation level
	10 bits reduction (40->30)
	16 bits reduction (40->24)

	1
	1dB
	2~3 dB

	2
	0.5dB
	1~2 dB

	4
	0.2~1.1dB
	0.7~1.3dB

	8
	0.4~0.9dB
	0.4~1.5dB

	16
	0.3~0.9dB
	0.4~1.2dB





Based on the above inputs, the following two observations can be achieved. The gain are generally aligned with that observed in Rel-15 URLLC discussion.
Observation 2.2-1: Compact DCI targeting a reduction of 16 bits compared to fallback DCI (e.g. 40 bits) can provide 0.5dB ~ 0.9 dB gain for AL=16 assuming 4 GH, 1e-5 target BLER, 2 Tx/4 Rx, TDL-C and a CORESET with 1 symbol in time domain and 40 MHz in frequency domain. 
Observation 2.2-2: Compact DCI targeting a reduction of 10 bits compared to fallback DCI (e.g. 40 bits)  can provide 0.3dB gain for AL=16 assuming 4 GH, 1e-5 target BLER, 2 Tx/4 Rx, TDL-C and a CORESET with 1 symbol in time domain and 40 MHz in frequency domain. 

Observation 2.2-3: Compact DCI targeting a reduction of 16 bits compared to fallback DCI (e.g. 40 bits) can provide 0.58dB ~ 0.9 dB gain for AL=8 assuming 4 GH, 1e-5 target BLER, 2 Tx/4 Rx, TDL-C and a CORESET with 1 symbol in time domain and 40 MHz in frequency domain. 
[bookmark: _GoBack]Observation 2.2-4: Compact DCI targeting a reduction of 10 bits compared to fallback DCI (e.g. 40 bits)  can provide 0.38dB gain for AL=8 assuming 4 GH, 1e-5 target BLER, 2 Tx/4 Rx, TDL-C and a CORESET with 1 symbol in time domain and 40 MHz in frequency domain. 

It can be expected that with the gain from compact DCI, the PDCCH reliability of 1e-6 can be met for 700 MHz.

  Evaluation of compact DCI from PDCCH blocking perspective   
Some companies have provided evaluation of compact DCI from PDCCH blocking perspective:
	Contribution [Ericsson, R1-1812153]
Blocking probability is computed based on the AL distribution and search space design, assuming: 
· each UE is scheduled with one DCI and 
· all UEs are scheduled simultaneously and 
· the number of PDCCH candidates for each AL 1, 2, 4, 8, 16 are 8, 8, 4, 2, 1, respectively.
[image: ]
Figure 4: Blocking probability as a function of DCI size, number of UEs, and CORESET sizes
Reducing DCI size by 40% (40bits to 24 bits) provides only small improvement for blocking probability. 



	Contribution [Huawei, R1-1812221]
Table 4 - Percentage of users satisfying reliability and latency requirements, 40 bits and 24 bits DCI payload 
	SCS
	Scheme
	Use case

	
	
	Remote Driving
(#UEs)
	AR/VR
(#UEs)

	
	
	2
	6
	10
	5
	10
	15
	20

	30 kHz
	40bits
	100%
	83.33%
	80%
	40%
	20%
	13.33%
	5%

	
	24bits
	100%
	100%
	90%
	60%
	40%
	33.33%
	20%

	60 kHz
	40bits
	100%
	83.33%
	70%
	40%
	30%
	6.67%
	5%

	
	24bits
	100%
	100%
	90%
	60%
	50%
	33.33%
	25%



Observation 4: When using compact DCI, the PDCCH blocking rate is decreased significantly. 
· For Remote Driving, the PDCCH blocking is reduced so that 6 users can be supported and for 10 configured users, 90% of the UEs can be scheduled within the latency bound.
· For AR/VR, the PDCCH blocking is reduced so that the number of users that can be scheduled within the given latency bound is increased by approximately 20%.



	Contribution [ZTE, R1-1812384]
[image: ]
Figure A-2:  PDCCH blocking probability of Compact DCI



From the above inputs, it can be seen that compact DCI targeting a reduction of 16 bits can reduce PDCCH blocking. However, how much gain it can achieve may need further evaluation since not too much input on this aspect. 
Observation 2.2-3: Compact DCI is beneficial for reducing PDCCH blocking. Further evaluating the gain on PDCCH blocking by compact DCI targeting a reduction of 16 bits is needed. 

 Other considerations on compact DCI  
In addition to PDCCH reliability and PDCCH blocking, the benefits of compact DCI are also discussed from other aspects [R1-1812221, Huawei][R1-1812312, Vivo][R1-1812374, MediaTek][R1-1812384, ZTE][R1-1812424, Mitsubishi][R1-1812628, CATT][R1-1812815, OPPO][R1-1812853, AT&T] [R1-1813538, Sequans][R1-1813064, Spreadtrum][R1-1813088, China Telecommunications] and the following additional benefits are provided: 
· Many fields in the existing DCI format are not applicable for URLLC or can optimize the number of bits: AT&T, OPPO, MediaTek, China Telecom 
· Used to differentiate eMBB and URLLC service: ZTE, Huawei, Vivo
· Enhance the spectral efficiency: MediaTek
The following concerns on compact DCI are shared by companies also:
· Increase the number of blind decodes: Ericsson, LGE, Panasonic  
· Restricting the scheduling flexibility: Ericsson, LGE, Intel 
For the increase of number of blind decodes, [R1-1812221, Huawei] argued that it is not an issue for pure URLLC UEs because compact DCI can be monitored instead of DCI format 0_0/1_0 and/or DCI format 0_1/1_1 thus the number of DCI size to be monitored is not increased. For UEs with eMBB and URLLC service, the number of blind decodes can be controlled by appropriate gNB configuration. 
For restricting the scheduling flexibility, [R1-1812153, Ericsson] provide some evaluation result as below: 
	Contribution [Ericsson, R1-1812153]
[image: ]
[bookmark: _Ref528336732]Figure 5: PDSCH blocking probability as a function of UEs per cell with Poisson arrival traffic pattern, for different resource block group (RBG) sizes. PDSCH resources are assumed to be 40 MHz BW. Latency bound is 1 ms. 


Several companies argued that the flexibility of resource allocation may become less critical considering it is most likely that a large bandwidth will be allocated for URLLC service.
Observation 2.2-4: In addition to be beneficial for PDCCH reliability and PDCCH blocking, compact DCI can be used to differentiate eMBB and URLLC. However, there are concerns on scheduling restrictions and increased UE complexity for BD for some UEs. 

Summary  
Based on the above summary, the observed benefits of compact DCI include potential improving reliability, reducing PDCCH blocking and being a tool for traffic differentiation. Several companies expressed the view that if compact DCI supported then targeting a reduction of 10-16 bits sounds reasonable. However, some companies also shared the view that compact DCI is not needed because there are concerns on the scheduling restriction and increased UE complexity for blind decodes for some UEs. 
In addition, several companies [R1-1813433, Qualcomm][R1-1812153, Ericsson][R1-18113097, ETRI][R1-1813324, NTT DOCOMO] shared the view that a URLLC specific DCI would be needed regardless of the payload. Some companies [R1-1812572, LG][R1-1812742, Sony][R1-1812994, Samsung][R1-1812815, OPPO] shared similar view that change of DCI fields for URLLC should be checked first and Samsung prefer configurable DCI size. 
It can be observed that a common point for all companies is that a URLLC specific DCI would be needed, while different views on the potential DCI size. We can consider moving on with the following proposal for some progress:   

Proposal 2.2-1: No change of DCI format 0_0/1_0 in CSS from Rel-16 URLLC study item perspective. 

Proposal 2.2-2: Further study the necessity of reducing the DCI size compared to the size of Rel-15 fallback DCI
· Target a reduction of at least10-16 bits compared to Rel-15 fallback DCI
· Companies report how to achieve the DCI size reduction
· The link level performance gain from PDCCH reliability perspective 
· Check at least AL=16 
· PDCCH resource utilization considering all UEs in the cell
· Check AL=1/2/4/8/16 
· If retransmission feasible with the latency bound, different BLER target can be used
· The PDCCH blocking probability 
· The performance impact from compact DCI 
· Consider PDSCH/PUSCH capacity 
· The impact on PDCCH blind decoding/DCI size budget 
· The impact on PDSCH/PUSCH scheduling flexibility 
· At least Rel-15 enabled use case (i.e. AR/VR) should be evaluated for the above study


Proposal 2.2-1: For the DCI format scheduling Rel-16 NR URLLC,
· Further study DCI payload size
· Option 1: Target a reduction of 10-16 bits compared to Rel-15 fallback DCI
· Option 2: Align with existing DCI format
· Option 3: Support configurable DCI size 
· Further study necessary change of DCI fields compared to Rel-15 fallback DCI
· Whether/how to reduce the number of bits for frequency domain resource assignment
· Whether/how to reduce the number of bits for time domain resource assignment
· Whether/how to reduce the number of bits for modulation and coding scheme 
· Whether/how to reduce the number of bits for HARQ process number
· Whether/what new fields are needed 

PDCCH repetition
  Evaluation of compact DCI from PDCCH blocking perspective   
Some companies have provided evaluation of PDCCH repetition from PDCCH blocking perspective:
	Contribution [Huawei, R1-1812221]
Table 5 - Percentage of users satisfying reliability and latency requirements when compact DCI is applied together with the PDCCH repetition scheme
	SCS
	Scheme
	Use case

	
	
	Remote Driving
(#UEs)
	AR/VR
(#UEs)

	
	
	2
	6
	10
	5
	10
	15
	20

	30 kHz
	40bits - baseline
	100%
	83.33%
	80%
	40%
	20%
	13.33%
	5%

	
	PDCCH rep&fast feedback&24bit DCI
	100%
	100%
	100%
	100%
	100%
	100%
	100%

	60 kHz
	40bits - baseline
	100%
	83.33%
	70%
	40%
	30%
	6.67%
	5%

	
	PDCCH rep&fast feedback&24bit DCI
	100%
	100%
	100%
	100%
	100%
	100%
	95%



Observation 6: When using PDCCH repetition with fast feedback in combination with compact DCI, the PDCCH blocking rate is eliminated for most of the investigated cases:
· For up to 10 users in the Remote Driving use case
· For up to 15 users in the AR/VR use case. For the extreme scenario of up to 20 users, still 95% of the UEs can be scheduled within the latency bounds



	Contribution [MediaTek, R1-1812374]
[image: ]
[bookmark: _Ref528935486]Figure 4: Blocking rate of PDCCH repetitions.

Observation 5: Blockage rate doesn’t improve by using repetition within the same CORESET and is degraded by using repetitions across CORESETs in time.
Observation 6: PDCCH using repetition within the same CORESET and soft-combining does not improve the blockage probability or the reliability.
Observation 7: PDCCH using repetition across CORESETs and soft-combining degrades the blockage probability.

The other drawback with repeated control is the spectral inefficiency. To address this, the use of PDCCH-ACK could help.
	SCS(kHz)
	Additional Delay(ms)

	15
	0.43

	30
	0.22

	60
	0.18


[bookmark: _Ref528945564]Table 1: Additional delay incurred by using the PDCCH-ACK.



	Contribution [Qualcomm, R1-18113433]


Figure 6: PDCCH transmission for two UEs with (a) AL = 16, and (b) AL = 8 with 2 repetitions.



Figure 7: PDCCH transmission for 3 UEs at different PDCCH occasions. UE 1 requires 16 CCEs overall to decode PDCCH, while UE 2 and 3 each require 4 CCEs for PDCCH decoding.

[bookmark: _Hlk525924245]Observation 4: The PDCCH performance with n candidates of AL = X/n is an upper bounded by that of the single candidate with AL = X. 
Observation 5: The blind PDCCH repetition does not reduce blocking issue for PDCCH scheduling.
Proposal 3: To meet the eURLLC requirements, PDCCH repetition over a single TCI state is not needed.


Based on the above simulation results and analysis, some show that PDCCH repetition can reduce the PDCCH blocking while some others show that there is no gain. It was observed that different repetition schemes were assumed in the above evaluations. 
  Summary   
Many companies have provided analysis to study the potential benefits of PDCCH repetition [R1-1812221, Huawei][R1-1812572, LG], [R1-1813113, Nokia], [R1-1813324, NTT DOCOMO], [R1-1812899, Panasonic], [R1-1813538, Sequans], [R1-1812742, Sony], [R1-1812384, ZTE], the observed benefits including potential improving reliability and reducing PDCCH blocking. Some companies also mentioned that PDCCH repetition is able to achieve intermediate ALs that are not the powers of 2. However, there are concerns on the need of PDCCH repetition and the increased UE complexity and may increase the latency [R1-1812374, MediaTek][R1-1813097, ETRI][R1-1813064, Spreadtrum]. 
Observation 2.3-1: PDCCH repetition may show benefits improving reliability and reducing PDCCH blocking. However, there are concerns on increasing latency and UE complexity.
In addition, several companies expressed the view that PDCCH repetition should consider different transmission assumptions and configurations (e.g. time/frequency resource, TCI/QCL/TRP assumptions, etc.). And it can be observed that the concern on PDCCH repetition may be based on different assumptions of PDCCH repetition. Therefore, for progress maybe we can try to discuss the potential PDCCH repetition mechanisms first and then further check the pros and cons based on converged or reduced set of PDCCH repetition options. 
It was observed one aspect that would increase UE complexity is to do combination between different PDCCH repetitions. Several companies mentioned that combination is not preferred to reduce the UE complexity. It seems there is no company obviously showed strong interest on combination. 
Proposal 2.3-1: Combination of PDCCH repetitions is not supported for PDCCH repetition.

As to the possible PDCCH repetition, Pansonic R1-1812899 and MediaTek R1-1812374 provide nice description and provide detailed analysis on the candidate solutions. According to other contributions, it seems three options as shown in the following proposal achieved most interest. It was observed that different options have different pros and cos. PDCCH repetition study can focus on the following three options.   
Proposal 2.3-2: Further study the following options for PDCCH repetition considering aspects like UE complexity, decoding performance, scheduling flexibility and latency.
· Option 1: PDCCH repetitions prior to PDSCH transmission(s)
[image: ]
· Option 2:Independent PDCCH schedules each PDSCH repetition
[image: ]

· Option 3:Multi PDCCHs schedule PDSCH repetition with indication of the number of repetitions in each DCI (LTE HRLLC similar scheme) 
[image: ]
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Increased PDCCH monitoring capability 
Several companies have provided analysis to study the potential benefits of increased PDCCH monitoring capability [R1-1812153, Ericsson][R1-1812815, OPPO][R1-1813234, InterDigital] [R1-1812572, LG] [R1-1813113, Nokia][R1-1813324, NTT DOCOMO][R1-1812312, Vivo][R1-1813097, ETRI] [R1-1813433, Qualcomm], the observed benefits including potential reducing latency and improving the PDCCH blocking. 
	Contribution [Qualcomm, R1-1813433]

· Case 2 with SCS = 30KHz, N1 = N3 = 4.5 symbols, a half-symbol propagation delay and four monitoring occasions per slot:



Figure 2: eURLLC latency assuming four PDCCH monitoring occasion per slot (Case 2).

· Case 2 with SCS = 30KHz, N1 = N3 = 4.5 symbols, a half-symbol propagation delay and seven monitoring occasions per slot:



Figure 3: eURLLC latency assuming seven PDCCH monitoring occasion per slot (Case 2).

Observation 1: For eURLLC with stringent latency requirements, a frequent PDCCH monitoring, e.g., in units of every 2, is necessary.  
[bookmark: _Hlk525923710]Proposal 1: To enable fast scheduling for eURLLC, RAN1 considers the feasibility of increasing the number of BD/CCE limit. The required conditions and relaxations should be studied. 



	Contribution [Ericsson, R1-1812153]

[bookmark: _Ref528336817]Table 9 PDCCH blocking probability within a slot with 1, 2, or 3 PDCCH occasions for different numbers of UEs per cell. (DCI size = 40 bits, CORESET duration = 1 symbol)
	Blocking prob.
	#UE = 10
	#UE = 20
	#UE = 30
	#UE = 40

	After 1 PDCCH occasion
	7.91%
	39.03%
	58.01%
	68.46%

	After 2 PDCCH occasions
	0
	1.42%
	19.50%
	37.75%

	After 3 PDCCH occasions
	0
	0
	0.17%
	4.15%



[bookmark: _Toc528950344] Increase the limits of number of blind decodes and CCEs for channel estimation to allow flexible, multiple PDCCH monitoring occasions in a slot and reduce PDCCH blocking.


However, there are concerns on the increased UE complexity and power consumption [R1-1812994, Samsung][R1-1813506, CAICT][R1-1813064, Spreadtrum]. 
	Contribution [Samsung, R1-1812994]
there is no need to increase the Rel-15 maximum number of PDCCH candidates that a Rel-16 URLLC UE is required to monitor per slot, considering that
a) Rel-16 URLLC UEs are machine-type communication UEs that typically need to support one service type. The number of required UE-specific DCI format sizes can be 1 (instead of 3 as for a Rel-15 UE) and common DCI formats, such as DCI format 2_0 or DCI format 2_2, can also have a same size as the UE-specific DCI format

b) Rel-16 URLLC traffic for services in [1] is expected to be sporadic with few UEs scheduled per slot. The case of many UEs being scheduled in a same slot (or ‘mini-slot’) is likely to have a resource limit, primarily for PDSCH/PUSCH, and can often be addressed broadcast or multicast transmissions in the DL

c) Any blocking issue would be more severe for corresponding PDSCH/PUSCH transmissions that would require more resources due to larger TBS while having similar target BLER and latency targets as a PDCCH transmission 

d) A limit on the number of non-overlapping CCEs is likely to be much stricter, considering that UEs supporting Rel-16 URLLC are likely to require higher CCE aggregation levels than Rel-15 UEs.  

Observation 1: There is no need to increase the maximum number of monitored PDCCH candidates per slot for a UE supporting Rel-16 URLLC services relative to a Rel-15 UE. Reductions should be considered to reduce the complexity for machine type communications Rel-16 URLLC UEs

Proposal 1: Consider reducing the maximum number of monitored PDCCH candidates per slot for a UE supporting only Rel-16 URLLC services relative to a Rel-15 UE. 



In theory, the increase of PDCCH monitoring capability can provide more flexibility for URLLC scheduling and provide more chances to reduce the latency. However, according to the discussion in Rel-15, it was observed that the limit of the number of CCEs/BDs do have much impact on UE complexity. Qualcomm proposed that some conditions and relaxations would be introduced to support increased PDCCH monitoring to reduce the UE complexity, which is a good way to study. For example, URLLC could use a smaller number of CCs compared to eMBB operation to keep the overall value is small, although the number of BDs/CCEs per serving cell might be increased. Another important constraint could be to limit the number of BDs/non-overlapping CCEs per monitoring occasion so that he UE’s processing burden for decoding PDCCH the can be made manageable, even though the total number of BDs/CCEs per slot is increased.
Observation 2.4-1: Increasing the limit of the number of CCEs/BDs may reduce latency. However, there is concern on increasing UE complexity and power consumption. 
Proposal 2.4-1: Further study and evaluate increasing the limit of the number of CCEs/BDs with some condition (e.g. the number of BDs/CCEs are jointly managed across the configured cells to keep the total number of CCEs/BDs smaller than a certain value) for Rel-16 NR URLLC. 
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Appendix A: Agreements in the past meetings  
RAN1#94 meeting  
	Agreements:
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
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