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1	Introduction
In June 2018’s RAN Plenary meeting, the eURLLC study item Error! Reference source not found. was approved. The objective of the study item is to study reliability and latency performance supported by NR Rel. 15 and identify further enhancements if needed to achieve the requirements. This study item aims to investigate methods to further improve reliability and reduce latency for different use cases (such as factory automation, transport industry and electrical power distribution) that have different requirements, and potentially stricter requirements than those considered in Rel-15. On PDCCH enhancements, the following agreements have been made during RAN1#94 meeting in Gothenburg Error! Reference source not found.:
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

In this contribution, we first evaluate PDCCH reliability based on Rel. 15 design. We then discuss remaining issues and potential enhancements to PDCCH which include aspects such as limitation of number of blind decodes and non-overlapping CCEs in a slot, PDCCH blocking, and possible new DCI format with size constraint.
[bookmark: _Ref178064866]2	Discussion
2.1	PDCCH reliability 
From physical layer point of view, high PDCCH reliability can be achieved by several means including 
· Improved UE/gNB hardware capabilities
· For example, more antennas at gNB and/or UE. 
· Enhanced gNB/UE implementation 
· Time domain/Frequency domain interference avoidance (e.g. using a soft reuse pattern for CORESET resources to reduce inter-cell interference)
· Spatial domain interference management via beamforming
· Advanced UE receivers
· NR PDCCH design choices 
· Distributed CCE mapping
· CORESET spanning multiple OFDM symbols
· Smaller DCI payload size 
· Higher aggregation levels (AL)

NR Rel. 15 supports up to AL 16 for PDCCH and fallback DCI format x_0 with smaller DCI size than the normal format x_1. Therefore, we first evaluate the performance of NR Rel-15 PDCCH design. 
2.1.1 PDCCH performance (Link level simulation)
In this section we provide link level performance of NR PDCCH for different aggregation levels (AL) and payload sizes. 
Both AL and DCI size can have impact on PDCCH performance. To make PDCCH transmission more robust, one can use high AL and/or small DCI payload size to lower PDCCH code rate (see Table 1). PDCCH performance comparison between different DCI sizes (excluding CRC) is given in Figure 1 and Figure 2 following the simulation assumption in Table A-1 in the appendix. Here DCI size 40 bits serve as a reference for the Rel. 15 fallback DCI size, while DCI sizes 30 and 24 may be referred to as compact DCI sizes. 
We see that the gains of reducing DCI size from 40 to 24 bits are small especially at high AL, the gain is even smaller when reducing DCI size from 40 to 30 bits. The gain essentially depends on the level of code rate reduction. 

[bookmark: _Ref528336044]Table 1 Effective code rates for different combinations of DCI payload sizes (excl. CRC) and aggregation levels (taking into account DMRS overhead)
	Payload size (bits) / AL
	AL1
	AL2
	AL4
	AL8
	AL16

	24
	0.4444
	0.2222
	0.1111
	0.0556
	0.0278

	30
	0.5000
	0.2500
	0.1250
	0.0625 
	0.0312

	40
	0.5926
	0.2963    
	0.1481    
	0.0741    
	0.0370
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[bookmark: _Ref528336111]Figure 1: TDL-C 300ns, 40 MHz, 4GHz, 1os
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[bookmark: _Ref528336552]Figure 2: TDL-C 300ns, 40 MHz, 4GHz, 2os

Table 2 SNR required (dB) to achieve 1E-5 PDCCH BLER
	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



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



2.1.2 SINR distribution from system level simulation
[bookmark: _Hlk525730545]Further we perform system level simulation to obtain DL geometry for the urban macro scenario as shown in Figure 3 (also in [3]). The simulation assumptions are provided in Table A-2 in the appendix.
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[bookmark: _Ref528336574]Figure 3: DL geometry of the the urban macro scenario

[bookmark: _Hlk509563437]From Figure 3 we obtain the 5th percentile DL SINR (Q-value) equal to 1.69 dB. To fulfill the performance requirements, PDCCH BLER of 10-5 or 10-6 should be achieved at SNR lower than the corresponding Q-value (1.69 dB). Based on the results above, we have the following observations. 

[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][bookmark: _Ref528337015][bookmark: _Toc528950334]Existing NR PDCCH design provides sufficient performance for urban 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. 
[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. 

2.2	PDCCH blocking analysis  
When a URLLC UE operates with good channel condition, it is reasonable to use low AL for PDCCH. It was argued that compact DCI can have positive impact on PDCCH multiplexing capacity as more UEs with good channel conditions can use low AL, and thus reducing blocking probability.
We investigate the impact of using compact DCI on PDCCH blocking probability. SINR distribution from system level simulation and PDCCH link level results are used to generate AL distribution for different DCI sizes. Blocking probability is computed based on the AL distribution and NR search space design. It is assumed that each UE is scheduled with one DCI and all UEs are scheduled simultaneously. 
PDCCH blocking probability is studied as a function of DCI size, number of UEs, and CORESET resources. More specifically, DCI sizes of 40, 30, and 24 bits (excluding CRC) are considered. Number of UEs in a cell is considered from 4 to 10. CORESET resources are determined based on CORESET duration and bandwidth. CORESETs are assumed to occupy 1 or 2 OFDM symbols with 40 MHz BW.

2.2.1 AL distribution 
We use link levels results for different DCI sizes in Section 2.1 together with the DL geometry in Figure 3 to derive the probability of distributions for different aggregation levels (AL). In Table 4 and Table 5, the probability for {DCI size X bits, AL Y} is the probability that a UE needs AL-Y to achieve BLER of 10-5, when the DCI size is X bits for all the UEs.
Table 4. AL distribution corresponding to target PDCCH BLER of 1E-5 for different DCI sizes (1os CORESET)
	Probability
	AL1
	AL2
	AL4
	AL8
	AL16

	DCI size = 40
	70.23% 
	22.57%   
	6.00%    
	0.61%    
	0.44%

	DCI size = 30
	73.98%   
	19.83%    
	5.20%    
	0.46%    
	0.43%

	DCI size = 24
	76.89%   
	17.80%    
	4.39%   
	0.45%    
	0.42%



Table 5. AL distribution corresponding to target PDCCH BLER of 1E-5 for different DCI sizes (2os CORESET)
	Probability
	AL1
	AL2
	AL4
	AL8
	AL16

	DCI size = 40
	57.73%   
	32.33%    
	8.48%   
	0.87%    
	0.43%

	DCI size = 30
	66.34% 
	25.73%   
	6.81%    
	0.60%    
	0.41%

	DCI size = 24
	69.98%   
	23.18%   
	5.85%   
	0.50%    
	0.40%



2.2.2 PDCCH blocking probability
Blocking probability is then 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: ]
[bookmark: _Ref528336664]Figure 4: Blocking probability as a function of DCI size, average number of UEs, and CORESET sizes

It can be seen from Figure 4 that blocking probability depends on several parameters such as DCI size, number of UEs, and CORESET sizes. In this contribution, we assume deterministic traffic where all UEs are scheduled simultaneously, which can be seen as the worst-case scenario. If different traffic models are considered, different levels of blocking can also be expected. As a general observation, we see that  
· Increasing the number of UEs increases blocking probability
· Reducing DCI size decreases blocking probability
· Increasing CORESET size decreases blocking probability
In terms of blocking probability improvement for a given number of UEs, it is evident that using small DCI size provide much smaller gain compared to using larger control resources.  

[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.  
2.3	Issues with compact DCI
As can be seen from the discussion and results above, the use of compact DCI in terms of PDCCH reliability enhancement is not very well motivated. The gain from reducing the DCI size is rather small especially for high AL (e.g., less than 0.5 dB for 10-bit reduction with AL16) since PDCCH code rate is already small to start with. It can be seen from the results that performance of the existing Rel-15 NR PDCCH design (with fallback DCI size and AL16) is generally sufficient for URLLC requirement. If further reliability enhancement is required, specification-transparent methods such as power control and use of multiple antennas can be considered. 
[bookmark: _Hlk528070716]The impact of compact DCI on PDCCH blocking is also small as shown in Figure 4. More importantly, we note that using compact DCI for scheduling can have a negative impact on scheduling flexibility, due to much coarser information contained in a DCI. For example, with compact DCI of size 24 bits excluding CRC, resource allocation fields in the DCI can be much less flexible leading to inefficient PDSCH scheduling. For a limited set of PDSCH resources, this in turn can lead to the PDSCH blocking event. An example of PDSCH blocking impact from coarse frequency domain allocation is shown in Figure 5. Here the result is based on DL geometry in Figure 3 and PDSCH link results at BLER target of 10-5 (see Fig. A-1 in the appendix). We can see, for example, that even increasing RBG size from 2 to 4 PRBs increases the PDSCH blocking probability significantly.
[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.

Due to demodulation and decoding complexity constraint at the UE, there exists a budget on the number of DCI sizes UE should monitor per slot, i.e., 3 different sizes for DCI scrambled by C-RNTI and 1 additional for other RNTI [5] as agreed in Rel-15. So, introducing another DCI format with smaller size will be even more challenging for satisfying the DCI size limitation.

It is important to consider the overall performance of the system considering a tradeoff between PDCCH blocking reduction, blind decoding complexity, and PDSCH scheduling flexibility. Our results show that PDCCH blocking improvement is much smaller than potential loss on PDSCH blocking due to inflexible resource allocation from compact DCI. Therefore, we propose that compact DCI with reduced DCI size is not introduced in Rel-16.  
[bookmark: _Toc525657381][bookmark: _Toc525658461][bookmark: _Toc525721077][bookmark: _Toc525821509][bookmark: _Toc525830315][bookmark: _Toc525831725][bookmark: _Toc525832659][bookmark: _Toc525832858][bookmark: _Toc525926658][bookmark: _Toc525944004][bookmark: _Toc528950339]There exists a unfavorable tradeoff between PDCCH blocking probability and PDSCH scheduling flexibility when considering compact DCI. 
[bookmark: _Toc528950340]Compact DCI increases the difficulty to satisfy DCI size limitation for the UE.

[bookmark: _Toc525721078][bookmark: _Toc525721180][bookmark: _Toc525821510][bookmark: _Toc525830316][bookmark: _Toc525831726][bookmark: _Toc525832859][bookmark: _Toc525926659][bookmark: _Toc525944013][bookmark: _Toc525944041][bookmark: _Toc528950342]Compact DCI with reduced DCI size is not introduced. 

An alternative to compact DCI for PDCCH enhancement in Rel. 16 may be considered. In NR Rel. 15, there are two main DCI formats for unicast data scheduling, namely the fallback DCI formats 0-0/1-0, and the normal DCI formats 0-1/1-1. The fallback DCI supports resource allocation type 1 where the DCI size depends on the size of bandwidth part. It is intended for a single TB transmission with limited flexibility, e.g., without any multi-antenna related parameters. On the other hand, normal DCI can provide flexible scheduling with multi-layer transmission. 
Due to high reliability requirement of URLLC, we see that it is beneficial to use a small size fallback DCI for good PDCCH performance. At the same time, it can be beneficial to have parameters such as multi-antenna related ones to support high reliability transmission. This can motivate a new DCI format having the same size as the fallback DCI but improved from the fallback DCI to swap in some useful fields, e.g., some fields that exist in the normal DCI but are absent in fallback DCI. By having the new DCI formats with the same size as existing DCI formats, blind decoding complexity can be kept the same.
We note that if introduced, its use may not be limited to URLLC. Any use cases which require high PDCCH reliability with reasonable scheduling flexibility should be able to leverage the new DCI format as well. 

[bookmark: _Toc513220959][bookmark: _Toc513220978][bookmark: _Toc513220995][bookmark: _Toc513221736][bookmark: _Toc513384916][bookmark: _Toc513464611][bookmark: _Toc513464618][bookmark: _Toc513492228][bookmark: _Toc513652930][bookmark: _Toc513652961][bookmark: _Toc513715648][bookmark: _Toc513715729][bookmark: _Toc528950343]If a new DCI format is introduced for URLLC with size constraint, it has the same size as the fallback DCI formats 0-0/1-0.

2.4	Relaxed limits on number of blind decode and CCE for latency enhancement
[bookmark: _Hlk513846812]With strict latency and reliability requirements for URLLC, it is important that PDSCH/PUSCH mapping type B is supported. To achieve the full latency benefits of type B scheduling, it is necessary to have multiple PDCCH monitoring occasions within a slot. For example, to get the full benefits of 2 OFDM symbol transmissions, it is preferable to have PDCCH monitoring periodicity of every 2 OFDM symbols. The limits in Rel. 15 on the total number of blind decodes and CCEs for channel estimation in a slot strongly restricts the scheduling options for these kinds of configurations, even when limiting the number of candidates in a search space. In this section, we provide views on how this limit should be relaxed for NR URLLC Rel.16. 
In LTE, the number of blind decodes was increased with the introduction of sTTI. This is due to new sTTI structure where subslot of 2 or 3 os (corresponding to 6 monitoring occasions within a subframe) and slot of 7 os (corresponding to 2 monitoring occasions within a subframe) are supported. The baseline for one component carrier in LTE is 44 blind decodes per 1 ms subframe, of which 12 are for CSS and 32 for USS. With sTTI, there can be 24 additional BDs with 1-slot sTTI and 36 additional BDs with 2/3 OS sTTI. Therefore, the total number of blind decodes per 1 ms subframe in LTE was increased as summarized in the table below.
Based on the analysis in the companion contribution [4], at least a PDCCH monitoring periodicity of less than 5 symbols is necessary for satisfying the 1ms latency target. The PDCCH monitoring periodicity means, for example, PDCCH can start in symbol 0, 5, 10 in a slot, resulting in 3 monitoring occasions in a slot.

Table 6. Number of blind decodes for LTE with sTTI
	Case
	Monitoring occasions per 1 ms
	1 ms DCI monitoring
	sTTI DCI monitoring (USS)
	Total

	
	
	CSS
	USS
	
	

	No sTTI
	1
	12
	32
	-
	44

	1-slot (7 OS) sTTI
	2
	12
	32
	24
	68

	2/3 OS sTTI
	6
	12
	32
	36
	80



[bookmark: _Toc513714056][bookmark: _Toc513714067][bookmark: _Toc513714630][bookmark: _Toc513848510][bookmark: _Toc513848590][bookmark: _Toc520885277][bookmark: _Toc521493599][bookmark: _Toc521500898][bookmark: _Toc521503980][bookmark: _Toc521590061][bookmark: _Toc521620502][bookmark: _Toc521620506][bookmark: _Toc521621387][bookmark: _Toc521621432][bookmark: _Toc521621506][bookmark: _Toc521659812][bookmark: _Toc521662387][bookmark: _Toc521691874][bookmark: _Toc521704456][bookmark: _Toc521708959][bookmark: _Toc525660390][bookmark: _Toc525660457][bookmark: _Toc525661214][bookmark: _Toc525904334][bookmark: _Toc525923874][bookmark: _Toc528950341]To support URLLC with latency requirement of 1ms, more than three PDCCH monitoring occasions per slot are required. 
If AL=16 is needed, these three monitoring occasions take up 48 of the 56 allowed CCEs for channel estimation in Rel. 15, severely restricting the usage of both USS and CSS for scheduling URLLC traffic. 
The above observation is only the minimum number of monitoring occasions required to support at least a single-shot transmission with 15kHz SCS fulfilling URLLC latency requirement. As mentioned earlier the number of monitoring occasions in a slot for NR could in principle be flexible, i.e., anything from every 1 to 14os. As can be seen in [4], allowing more PDCCH monitoring opportunities per slot allows scheduling of URLLC traffic with retransmission opportunities, which leads to more efficient resource usage. 
Rather than specifying multiple new UE capability levels, it is proposed to specify one additional level of support for PDCCH blind decodes, for which the numbers are doubled compared to Rel.15.
For this additional level of support, instead of simply defining it per slot basis, it makes more sense to take into account how the BDs/CCEs are distributed in a slot for mini-slot operation. One possible choice is to define the BD/CCE limit for each half of the slot. For the first half of the slot, it is natural to assume the same number as the other cases. For the second half of the slot, assuming that UE has finished processing PDCCH in the first half of the slot, the UE should have the same PDCCH processing capability in the second half of the slot. Therefore, it is reasonable to assume the same number as in the first slot. 
Based on the above analysis, the corresponding increase in the BD limits is proposed:

[bookmark: _Ref528336766]Table 7 Number of blind decodes for Rel. 15 and proposed values for Rel. 16
	Max no. of PDCCH BDs per slot
	Sub-carrier spacing

	
	15kHz
	30kHz
	60kHz
	120kHz

	Case 1 
	44
	36
	22
	20

	Case 2 (Rel 15)
	44
	36
	22
	20

	Case 2 (Rel 16)
	1st half of the slot
	44
	36
	22
	20

	
	2nd half of the slot
	44
	36
	22
	20



Similarly, a corresponding increase in the CCE limits is proposed:
[bookmark: _Ref528336767]Table 8 CCE limit for Rel. 15 and proposed values for Rel. 16.
	Max no. of PDCCH CCEs per slot
	Sub-carrier spacing

	
	15kHz
	30kHz
	60kHz
	120kHz

	Case 1 
	56
	56
	48
	32

	Case 2 (Rel 15)
	56
	56
	48
	32

	Case 2 (Rel 16)
	1st half of the slot
	56
	56
	48
	32

	
	2nd half of the slot
	56
	56
	48
	32



For example, for 120 kHz SCS, with the existing limit of 32 CCEs per slot, there can be at most two AL16 candidates per slot, which can be very limiting for URLLC requiring at least two monitoring occasions in a slot. The proposed value would allow more flexible PDCCH scheduling and reduce blocking probability. 
Below we show that increasing number of blind decode and CCE limits per slot which allow more PDCCH monitoring occasions in a slot can reduce PDCCH blocking probability significantly. In contrast to the analysis in Section 2.2 where blocking is considered per PDCCH occasion, here we consider PDCCH blocking event within a slot. With multiple PDCCH occasions in a slot, a UE has a higher chance of eventually being scheduled. Table 9 shows the PDCCH blocking probability after certain number of PDCCH occasions as a function of number of UEs per cell. It is evident that the PDCCH blocking probability within a slot can be reduced significantly with more PDCCH occasions.  
[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.

As an alternative solution to Table 7 and Table 8, one can consider introducing a limitation per sliding window, where sliding window size and number of blind decodes or CCE per window can be further discussed. 
Based on the above discussion, we have the following proposals for NR URLLC Rel. 16 enhancement, in terms of the number of blind decodes and CCEs for channel estimation. 
[bookmark: _Toc513794439][bookmark: _Toc513829532][bookmark: _Toc517882238][bookmark: _Toc520885280][bookmark: _Toc520885328][bookmark: _Toc521493590][bookmark: _Toc521500903][bookmark: _Toc521503985][bookmark: _Toc521590067][bookmark: _Toc521620579][bookmark: _Toc521621391][bookmark: _Toc521621422][bookmark: _Toc521621460][bookmark: _Toc521621497][bookmark: _Toc521659823][bookmark: _Toc521662392][bookmark: _Toc521691865][bookmark: _Toc521704462][bookmark: _Toc521708963][bookmark: _Toc525660399][bookmark: _Toc525660411][bookmark: _Toc525660467][bookmark: _Toc525661222][bookmark: _Toc525904341][bookmark: _Toc525904363][bookmark: _Toc525904464][bookmark: _Toc525923891][bookmark: _Toc528950345][bookmark: _Toc513498550][bookmark: _Toc513634674][bookmark: _Toc513634765][bookmark: _Toc513643525][bookmark: _Toc513714074][bookmark: _Toc513714633][bookmark: _Toc513220960][bookmark: _Toc513220979][bookmark: _Toc513220996][bookmark: _Toc513221737][bookmark: _Toc513384917][bookmark: _Toc513464612][bookmark: _Toc513464619][bookmark: _Toc513492229]For NR Rel. 16 URLLC, the number of PDCCH blind decodes for PDCCH monitoring occasion(s) whose first symbol(s) are in the first half slot is {44, 36, 22, 20} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, and for PDCCH monitoring occasion(s) whose first symbol(s) are in the second half slot is {44, 36, 22, 20} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, respectively.
[bookmark: _Toc521621498][bookmark: _Toc521659824][bookmark: _Toc521662393][bookmark: _Toc521691866][bookmark: _Toc521704463][bookmark: _Toc521708964][bookmark: _Toc525660400][bookmark: _Toc525660412][bookmark: _Toc525660468][bookmark: _Toc525661223][bookmark: _Toc525904342][bookmark: _Toc525904364][bookmark: _Toc525904465][bookmark: _Toc525923892][bookmark: _Toc528950346][bookmark: _Toc513829533][bookmark: _Toc521621393][bookmark: _Toc521621424][bookmark: _Toc521621462][bookmark: _Toc521708965]For NR Rel. 16 URLLC, number of CCEs for channel estimation for PDCCH monitoring occasion(s) whose first symbol(s) are in the first half slot is {56, 56, 48, 32} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, and for PDCCH monitoring occasion(s) whose first symbol(s) are in the second half slot is {56, 56, 48, 32} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, respectively.


Conclusion
In the previous sections we made the following observations: 
Observation 1	Existing NR PDCCH design provides sufficient performance for urban 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.
Observation 2	Compact DCI provides only small PDCCH performance gain at high AL and moderate gain at low AL.
Observation 3	Blocking probability depends on several parameters such as CORESET size, number of UEs, and traffic load.
Observation 4	Reducing DCI size by 40% (40bits to 24 bits) provides only small improvement for blocking probability.
Observation 5	Using more control resources such as larger CORESET size can provide much significant improvement to the blocking probability.
Observation 6	There exists a unfavorable tradeoff between PDCCH blocking probability and PDSCH scheduling flexibility when considering compact DCI.
Observation 7	Compact DCI increases the difficulty to satisfy DCI size limitation for the UE.
Observation 8	To support URLLC with latency requirement of 1ms, more than three PDCCH monitoring occasions per slot are required.


Based on the discussion in the previous sections we propose the following:
Proposal 1	Compact DCI with reduced DCI size is not introduced.
Proposal 2	If a new DCI format is introduced for URLLC with size constraint, it has the same size as the fallback DCI formats 0-0/1-0.
Proposal 3	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.
Proposal 4	For NR Rel. 16 URLLC, the number of PDCCH blind decodes for PDCCH monitoring occasion(s) whose first symbol(s) are in the first half slot is {44, 36, 22, 20} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, and for PDCCH monitoring occasion(s) whose first symbol(s) are in the second half slot is {44, 36, 22, 20} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, respectively.
Proposal 5	For NR Rel. 16 URLLC, number of CCEs for channel estimation for PDCCH monitoring occasion(s) whose first symbol(s) are in the first half slot is {56, 56, 48, 32} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, and for PDCCH monitoring occasion(s) whose first symbol(s) are in the second half slot is {56, 56, 48, 32} for SCS {15kHz, 30kHz, 60kHz, 120kHz}, respectively.
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Appendix
[bookmark: _Ref477421090]Table A-1: Link level simulation assumption (Urban macro scenario)
	Parameters
	Value

	DCI payload (excluding 24bits CRC)
	40bits, 30bits, 24bits 

	System bandwidth
	40MHz

	Carrier Frequency
	4GHz

	Number of symbols for CORESET
	1, 2

	CORESET BW (contiguous PRB allocation)
	40MHz

	Subcarrier spacing
	30KHz

	Aggregation level
	1,2,4,8,16

	Transmission type
	Interleaved

	REG bundling size
	6

	Modulation 
	QPSK

	Channel coding
	Polar code (DCI)

	Transmission scheme
	1-port precoder cycling

	Channel estimation
	Realistic

	Channel model
	TDL-C (delay spread: 300ns) 

	UE speed
	3 km/h

	Number of BS antennas
	2Tx

	Number of UE antennas
	4Rx 

	Residual target BLER 
	10^-5

	SINR target
	5th percentile DL geometry



[bookmark: _GoBack]
Table A-2: System level simulation assumption (Rel-15 enabled use case)
	Configuration Parameters
	URLLC configuration 

	Carrier frequency 
	4 GHz

	Base station Antenna Height
	25 m

	Inter-site distance
	500 m

	Bandwidth
	40 MHz

	Device deployment
	80% outdoor, 20% indoor

	Number of UE Rx antenna ports
	4

	UE noise figure
	9

	UE power
	23 dBm

	Path loss model
	UMa 

	BS antenna (M, N, P, Mg, Ng; Mp, Np)
	(8, 8, 2, 1, 1; 1, 8) 

	BS Transmit power
	49 dBm

	BS noise figure
	5

	Electrical down tilt
	9 degrees
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Figure A-1: PDSCH BLER, TBS = 256 bits
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