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Introduction
In RAN1 #90bis, we have agreed that E-PDCCH based search space hashing is used for NR PDCCH. However, In RAN1 #91, there was a conclusion that channel estimation complexity has to be minimized for PDCCH reception as shown below.
	Conclusion:
· RAN1 common understanding is that the PDCCH channel estimation complexity is not negligible at least in some cases.
· FFS: Possible solutions to resolve the channel estimation complexity issue together with the impact on PDCCH blocking probability
· Opt.1: Define the limits of “the number of CCEs for PDCCH channel estimation which refers to the union of the sets of CCEs for PDCCH candidates”
· Note: the overlapped CCEs associated with different CORESETs are counted separately.
· FFS: CCEs for the same precoder-granularity are counted as one channel estimation
· FFS: whether/how to handle the variation on the actual number of CCEs for PDCCH channel estimation and BDs over time
· Application of overbooking is considered
· Strive for not having specific UE capability to report the maximum number of CCEs for PDCCH channel estimation.
· Study the solutions considering the cases 1-1, 1-2, 2, and 2’.
· Opt.2: Modify the hashing function
· Opt.3: Increase the size of the precoder granularity




This contribution discusses remaining issue regarding possible designs for PDCCH to alleviate the channel estimation load for PDCCH monitoring.


Search Space design and channel estimation complexity
In current 38.213 [1], we have the following hashing function for defining the PDCCH search space.

	


For a control resource set , the CCEs corresponding to PDCCH candidate  of the search space 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 carrier indicator field value if the UE is configured with a carrier indicator field for the serving cell on which PDCCH is monitored; otherwise, including for any common search space, ;



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




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

for any common search space, ; 





for a UE-specific search space, is the maximum of  for all corresponding DCI formats over all configured  values for a CCE aggregation level  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 40%, 30%, 20%, and 10% for aggregation levels 1, 2, 4, and 8 respectively. The numbers of PDCCH candidates are 6, 6, 2, and 2 for aggregation levels 1, 2, 4, and 8 respectively. Total number of CCEs inside a control resource set is 32 and 64 in the evaluation. In addition, we also added one more scheme, which uses nested approach with additional pseudo CCEs. Here it is assumed that UE only monitors 2 PDCCHs of aggregation level 8 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 8. Figure 3 illustrates the nested search space approach with and without pseudo CCEs. 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 also Nested design with pseudo CCEs. Also the maximum number of CCEs are almost two times of the Nested design. This max number of CCEs for channel estimation is more critical number since the maximum value gives the UE implementation impact rather than average CCE number.



[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

	32
	26.0095
	16
	   22.0036

	64
	33.2620
	16
	   22.0015



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

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

	32
	30
	16
	24

	64
	40
	16
	24



In the conclusion of last RAN1 meeting, there was three possible approaches to reduce the channel estimation complexity:
· Opt.1: Define the limits of “the number of CCEs for PDCCH channel estimation which refers to the union of the sets of CCEs for PDCCH candidates”
· Opt.2: Modify the hashing function
· Opt.3: Increase the size of the precoder granularity

Option1 is keeping the current hashing function but limits the number of CCEs for PDCCH channel estimation. As shown above, the number of CCEs for PDCCH channel estimation depends on the CORESET size as well as the configuration of the set of search spaces. If the CCE number is limited then, the number of PDCCH candidates for each search space cannot be guaranteed due to the effect of the E-PDCCH hashing function that leads to different numbers of unique CCEs that the UE needs to perform channel estimation for. Thus, to accommodate this variation, the gNB may need to allocate a suitable margin in assigning the PDCCH candidates for monitoring such that the union of the set of CCEs for which the UE needs to perform channel estimation satisfies the maximum limit imposed on the number of CCEs to be estimated for within a slot-duration. Considering the possibility of PDCCH candidates to be monitored being spread across multiple CORESETs and monitoring occasions, this implies that the maximum extent of BD capability of the UE may not be realized. This, in turn, implies a potential increase in the blocking probability even when the E-PDCCH based hashing function is used.
Option 2 is one possible way but it has to be shown that the blocking probability is not an issue. 
Option 3 may not solve the issue since the smaller size of the precoder granularity cannot be used. And if we still use the E-PDCCH hashing function, the PDCCH candidates are distributed over the whole CORESET, so it is not really possible to reduce the number of CCEs for channel estimation. 
From the discussion above, option 1 and option 3 are challenging to reduce the number of CCEs for channel estimation at a desired level. The number of CCES for channel estimation is reduced significantly if we modify the hashing function like nested approach. Blocking probability is also evaluated and Figure 1 is comparing the blocking probability between three schemes explained above.
If we just use the nested search space without pseudo CCE, 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 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.
Considering significant reduction of channel estimation complexity and negligible blocking probability loss, it is proposed to modify the hashing function (option 2) in order to have nested property potentially with the concept of pseudo PDCCH. 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.
[image: ] [image: ]
[bookmark: _Ref503494913]Figure 1: Blocking probability of the nested approaches: different options
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Figure 2: Histogram: Number of CCEs for channel estimation
[image: ]
(a) Without pseudo CCEs
[image: ]
(b) With pseudo CCEs
[bookmark: _Ref503493781][bookmark: _Ref503493694]Figure 3. Nested search space structure without and with pseudo CCEs

Proposal 1
· Modify the hashing function (option 2) in order to have nested property potentially with the concept of pseudo PDCCH.
· Agree on the text proposal below


Conclusion
In this contribution, we provided our views on open issues regarding DL control search space and the following proposals are made: 
Proposal 1
· Modify the hashing function (option 2) in order to have nested property potentially with the concept of pseudo PDCCH.
· Agree on the text proposal below

References
[1] TS38.213 V f.0.0


Text proposal for 38.213:



If  where  is the largest aggregation level configured for the UE, Ffor a control resource set , the CCEs corresponding to PDCCH candidate  of the search space for a serving cell corresponding to carrier indicator field value  are given by 


CCEs that are used for PDCCH candidates and pseudo PDCCH candidates of the highest aggregation level  form an intermediate control resource set p’.
[bookmark: _GoBack]


If , for a control resource set p’, the CCEs corresponding to PDCCH candidate  of the search space 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 carrier indicator field value if the UE is configured with a carrier indicator field for the serving cell on which PDCCH is monitored; otherwise, including for any common search space, ;



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




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

for any common search space, ; 





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

the RNTI value used for  is defined in [5, TS 38.212] and in [6, TS 38.214].
A UE configured to monitor PDCCH candidates in a serving cell with a DCI format size with carrier indicator field and CRC scrambled by C-RNTI, where the PDCCH candidates may have one or more possible values of carrier indicator field for the DCI format size, shall assume that an PDCCH candidate with the DCI format size may be transmitted in the serving cell in any PDCCH UE specific search space corresponding to any of the possible values of carrier indicator field for the DCI format size.
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