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Introduction
In RAN1 #92 meeting, the following agreements were made regarding search space design [1]:
	Agreements:
· Confirm the value for Case 1-2. X=0 and Y=0 for Case 2. No consensus on additional Case 2’.
	Max no. of PDCCH BDs per slot
	SCS

	
	15kHz
	30kHz
	60kHz
	120kHz

	Case 1-1
	44
	36
	22
	20

	Case 1-2
	[44]
	
	
	-

	Case 2
	[44+X]
	[36+Y]
	[22+Y]
	[20]



Agreements:
· The number of CCEs for PDCCH channel estimation which refers to the union of the sets of CCEs for PDCCH candidates to be monitored, regardless of which REG-bundle size or precoder granularity.
· Overlapped CCEs associated with different CORESETs are counted separately.
· Overlapped CCEs associated with different PDCCH starting symbols with the same or different search space sets with the same CORESET are counted separately.
· Overlapped CCEs associated with same or different search space sets with the same PDCCH starting symbol associated with the same CORESET are counted one.
· Note: in the above, the overlapping CCEs for candidates for a given search space set with different starting symbols are assumed to be supported.
Agreements:
· Specify PDCCH candidate mapping rules. 
· PDCCH candidates are mapped to search-space-sets until either or both limit(s) of (number of blind decodes, CCEs for channel estimation) is/are met at least with the following rule
· SS type order, e.g. CSS  before USS 
· FFS: further rule within a search space set/type

Agreements:
· Confirm the following working assumption, with updates:
· At least for case 1-1 and case 1-2, all UE supports channel estimation capability for following numbers of 48 CCEs for a given slot per scheduled cell
· 56 CCEs for SCS = 15kHz and 30kHz
· 48 CCEs for SCS = 60kHz
· 32 CCEs for SCS = 120kHz
· FFS: cross-carrier scheduling
· FFS: wideband RS
· FFS: overbooking and/or nested structure
· FFS: exceptional case of CCE counting
· FFS: for case 2



This contribution discusses the remaining details related to PDCCH candidate mapping and dropping rules to handle scenarios when the number of BDs or CCEs for channel estimation in a slot exceeds the specified minimum requirements, as well as highlights the benefits from adopting a nested search space design in reducing the mismatch between BD and channel estimation requirements, especially when candidates with large ALs are configured.
Discussion on some remaining details on channel estimation requirements for PDCCH reception

Overbooking and/or nested structure
For this discussion, we provided some analysis on the relationship between blocking probability and channel estimation capability in Section 4. 
As can be observed from Section 3, with an EPDCCH-type SS design, the gNB may not be able to utilize the full capability of the UE in processing the specified maximum number of BD candidates within a slot due to the constraint on maximum number of CCEs becoming the bottleneck. However nested structure provides the comparable blocking probabilty while keeping the channel estimation constraint and the number of blind decodings. 


Minimum requirement on number of CCEs for channel estimation for PDCCH monitoring Case 2
Given that the same number of BDs are applied for PDCCH monitoring Case 2 as well, the number of CCEs for channel estimation for PDCCH monitoring Case 2 can be maintained same proportion, i.e., not increased compared to Cases 1-1 or 1-2.
Proposal 1
· The channel estimation capability for PDCCH monitoring case 2 are the same as for PDCCH monitoring cases 1-1 and 1-2.
Analysis on nested structure
In current 38.213 [2], we have the following hashing function for defining the PDCCH search space:
	





For a search space set  associated with control resource set , the CCE indexes for aggregation level  corresponding to PDCCH candidate  of the search space set in slot  for a serving cell corresponding to carrier indicator field value  are given by 


where

for any common search space, ; 






for a UE-specific search space, , , , , , and ;

;



 is the number of CCEs, numbered from 0 to , in control resource set ; 


 is the carrier indicator field value if the UE is configured with a carrier indicator field by higher layer parameter CrossCarrierSchedulingConfig for the serving cell on which PDCCH is monitored; otherwise, including for any common search space, ;





, where  is the number of PDCCH candidates the UE is configured to monitor for aggregation level  for a serving cell corresponding to  and a search space set ;  

for any common search space, ;  






for a UE-specific search space,  is the maximum of  over all configured  values for a CCE aggregation level  of search space set  in control resource set ;

the RNTI value used for  is defined in [5, TS 38.212] and in [6, TS 38.214].



For the clear understanding of the channel estimation complexity, we have evaluated the number of CCEs that require channel estimation. Table 1 compares the number of CCEs for channel estimation between current E-PDCCH based scheme and nested search space design that was also discussed previously. It is assumed that aggregation level distributions are 30%, 30%, 20%, 10%, and 10% for aggregation levels 1, 2, 4, 8, and 16 respectively. The numbers of PDCCH candidates are 6, 6, 2, 2, and 2 for aggregation levels 1, 2, 4, 8, and 16 respectively. Total number of CCEs inside a control resource set is 80 and 112 in the evaluation. In addition, we also added one more scheme, which uses nested approach with additional pseudo PDCCH candidates. Here it is assumed that UE only monitors 2 PDCCHs of aggregation level 16 but the PDCCHs of lower aggregation levels can be determined from the CCEs of 2 actual PDCCH candidates and one pseudo PDCCH candidates with AL 16. Figure 2 illustrates the nested search space approach with and without pseudo PDCCH candidates. The pseudo PDCCH candidates can be configured by higher layer separately from the PDCCH candidates of the higher aggregation level.
Under that assumption, the average number of CCEs of the E-PDCCH based scheme are much higher than Nested design and Nested design with pseudo PDCCH candidates as shown in Table 1. If E-PDCCH based scheme is used, average number of CCEs for channel estimation is larger than 48 which is the maximum number of CCEs that UE can supports, i.e., CCE overbooking happens. For resolving the overbooking issue, we may need to define a dropping rule and also any dropping rule will decrease the number of blind decoding attempts and increase the blocking probability. The maximum number of CCEs are almost two times of the Nested design. There is no case that number of CCEs for channel estimation is larger than 48 for nested approach with and without pseudo candidates.
Figure 1 is showing the blocking probability comparison between search space designs. If we just use the nested search space without pseudo PDCCH candidates, then the number of CCEs for the PDCCHs of the non-largest aggregation levels are limited by the number of PDCCH candidates of highest aggregation level. So the blocking probability is a bit higher than that of E-PDCCH based scheme. However, if we introduce the pseudo PDCCH candidate concept, the number of CCEs for the PDCCHs of the non-largest aggregation levels can be increased a bit and the blocking probability is reduced back to the similar level with the E-PDCCH based scheme. However, the number of CCEs for channel estimation is still much less that E-PDCCH based scheme. Here, the blocking probability of the E-PDCCH based scheme is based on that channel estimation is performed for all CCEs for all PDCCH candidates. As discussed above, if any dropping rule is defined for avoiding the overbooking issue, the blocking probability can be increased again and it will be higher than the case of nested search space with pseudo PDCCH candidates.
Considering significant reduction of channel estimation complexity and no blocking probability issue, it is proposed to modify the hashing function in order to have nested property potentially with the concept of pseudo PDCCH candidates. The hashing function equation of the current specification can be the baseline but we can modify it for nested approach as proposed in the text proposal at the end of the contribution.




[bookmark: _Ref503491126]Table 1 Comparison of UE processing burden for PDCCH channel estimation
	Total number of CCEs
	Average number of CCEs that needs channel estimation

	
	E-PDCCH type [1]
	Nested design
	Nested design w/ pseudo PDCCH candidates

	80
	53.52
	32
	42.32

	112
	58.70
	32
	42.38



	Total number of CCEs
	Maximum number of CCEs that needs channel estimation

	
	E-PDCCH type [1]
	Nested design
	Nested design w/ pseudo PDCCH candidates

	80
	64
	32
	48

	112
	70
	32
	48



[image: ][image: ]
[bookmark: _Ref503494913][bookmark: _Ref507237294]Figure 1: Blocking probability of the nested approaches: different options

[image: ]
(a) Without pseudo CCEs
[image: ]

(b) With pseudo CCEs
[bookmark: _Ref503493781][bookmark: _Ref503493694]Figure 2. Nested search space structure without and with pseudo CCEs

Proposal 2
· Modify the hashing function in order to have nested property potentially with the concept of pseudo PDCCH candidates.
Candidate dropping rules
As mentioned in Section 1, some PDCCH candidate dropping rules are necessary to handle cases when the number of BDs and/or number of CCEs in a slot exceeds the specified minimum requirements. Prioritization of PDCCH CSS candidates over USS candidates has already been agreed in this regard. However, there can still be cases wherein prioritization (or dropping of candidates) within a type of search space or even within a search space may be necessary. 
The following is currently defined in the latest version of TS 38.213:
	










Denote by  a set of search space sets  for common search spaces in a corresponding set  of control resource sets  and by  a set of search space sets  for UE-specific search spaces in a corresponding set  of control resource sets  where a UE monitors PDCCH candidates in a slot. If, the UE monitors  PDCCH candidates for the common search spaces and  PDCCH candidates for UE-specific search spaces in the slot. 



In the above, for the inequality [image: cid:image017.png@01D3C0F6.3A25CD00], the candidates across UE-specific and common search space sets and for each CORESET are summed up to get the total number of BDs in a slot. However, the handling of cases wherein a search space set may be configured for monitoring in multiple instances within a slot has not been considered. 
For instance, assume we have a single UE-specific search space set suss mapped to a single CORESET puss, but the UE is configured to monitor this search space set multiple times within the slot duration (more than one ‘1’ in the monitoringSymbolsWithinSlot parameter). In this case, the sum (in the inequality) would only be . However, in reality, the number of BDs would be scaled up according to the number of times the search space set is monitored within a slot. 
Proposal 3
· The counting of the BD candidates in a slot as specified in TS 38.213 should be updated to include the consideration of multiple monitoring occasions of a search space set in a slot.

Next, we consider PDCCH candidate dropping rules within a search space set type when the respective number of BDs or CCEs for channel estimation in the USS or CSS exceed the minimum requirements.
If there are multiple CSSs or USSs with a same priority in a slot, then these search spaces may be further prioritized based on the search space set index that is configured for each SS by higher layers. For example, the search space set with the lower index is prioritized for transmission (and hence, monitoring) over that with the higher index. In most cases, such simple prioritization can be sufficient and further candidate dropping within a search space set may not be necessary.
Proposal 4
· For PDCCH candidate mapping order and prioritization for dropping, in case of multiple search space sets are configured for a given search space type (USS/CSS), the search space set with the lower index is prioritized for transmission (and hence, monitoring) over that with the higher index.

In case the UE is configured with multiple monitoring occasions within a slot, according to the higher layer parameter monitoringSymbolsWithinSlot and the total number of PDCCH candidates or CCEs for channel estimation exceeds the minimum requirements, the candidates corresponding to monitoring occasions occurring earlier in the slot could be prioritized. 
Proposal 5
· For PDCCH candidate mapping order and prioritization for dropping, if the UE is configured with multiple monitoring occasions within a slot, the candidates corresponding to monitoring occasions occurring earlier in the slot are prioritized.

However, in case of configurations with a single search space set of a particular type with a large number of BD candidates or candidates resulting in excessive amount of channel estimation requirements, further prioritization within a search space set may need to be considered. 
If candidate prioritization within a search space set is necessary, candidates at a given AL may be assigned priority factors that are inversely proportional to the number of such candidates configured for monitoring in the search space set. Then, candidates with lower priority may be dropped iteratively until the BD limit or CCE limit for channel estimation are both satisfied. 
For instance, one priority factor may be defined as: 

Wherein 
·  is the control resource set index; 
·  represents the search space index 
·  is the aggregation level,  
· : number of PDCCH candidates for AL  within search space index   of control resource set . For an AL , if  = 0, then 

The above could be further combined with the AL for such candidates in order to capture the span of the candidates, i.e., 
Such a definition can be helpful especially if the PDCCH candidate dropping needs to be defined to address cases when the requirements on the numbers of CCEs for channel estimation is exceeded. 
Proposal 6
· If candidate prioritization within a search space set is necessary, candidates at a given AL may be assigned priority factors, and candidates with lower priority are dropped iteratively until the BD limit or CCE limit for channel estimation are both satisfied.
· Priority factors that are inversely proportional to the number of candidates at the given AL and the AL should be considered to define such prioritization.
Conclusion
In this contribution, we provided our views on open issues regarding DL control search space and the following proposals are made: 
Proposal 1
· The channel estimation capability for PDCCH monitoring case 2 are the same as for PDCCH monitoring cases 1-1 and 1-2.
Proposal 2
· Modify the hashing function in order to have nested property potentially with the concept of pseudo PDCCH candidates.
Proposal 3
· The counting of the BD candidates in a slot as specified in TS 38.213 should be updated to include the consideration of multiple monitoring occasions of a search space set in a slot.
Proposal 3
· For PDCCH candidate mapping order and prioritization for dropping, in case of multiple search space sets are configured for a given search space type (USS/CSS), the search space set with the lower index is prioritized for transmission (and hence, monitoring) over that with the higher index.
Proposal 4
· For PDCCH candidate mapping order and prioritization for dropping, in case of multiple search space sets are configured for a given search space type (USS/CSS), the search space set with the lower index is prioritized for transmission (and hence, monitoring) over that with the higher index.
Proposal 5
· For PDCCH candidate mapping order and prioritization for dropping, if the UE is configured with multiple monitoring occasions within a slot, the candidates corresponding to monitoring occasions occurring earlier in the slot are prioritized.
Proposal 6
· If candidate prioritization within a search space set is necessary, candidates at a given AL may be assigned priority factors, and candidates with lower priority are dropped iteratively until the BD limit or CCE limit for channel estimation are both satisfied.
· [bookmark: _GoBack]Priority factors that are inversely proportional to the number of candidates at the given AL and the AL should be considered to define such prioritization.
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