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1 Introduction

Most details of the NR DL control channel framework have been agreed and are now captured in TS 38.213 [1]. This contribution addresses several open aspects regarding the search space hashing function, PDCCH candidates dropping rules, and channel estimation complexity.   
2 Remaining issues on search space hash function
At the last meeting, the parameter 
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 in the search space equation was clarified as follows, 
Agreements:

· Change Y_{p, kp} to Y_{p, ns,f(  is the slot number.
 in the search space hashing function in subclause 10.1 of 38.213, where the index ns,f( } 
· (Working assumption) The reset of the update is per radio frame
It is well known that 
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 is used to randomize the starting position of the search space in order to avoid consistent blocking of a UE from one slot to the next.  For all SCS, monitoring periodicity of {1, 2, 4, 5, 8, 10, 16, 20} slots are supported. Considering that the value of 
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is calculated on slot level, 
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does not change if the search space monitoring periodicity is larger than the counter reset periodicity. An example is when the search space monitoring periodicity is 10 or more slots for SCS = 15 kHz and the counter is reset per radio frame. This implies that 
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 will be constant over a radio frame. Consequently, persistent blocking may occur within a radio frame since the search space is not randomized. One possible solution is to introduce a counter reset periodicity that is an integer multiple of the PDCCH monitoring periodicity. For instance it can be set as the LCM of the set of possible search space monitoring periodicities which would be 80 slots.  A smaller number can also be considered as  a monitoring periodicity of 20 slots would be more of a corner case for SCS = 15KHz but except a problem is seen it should be okay to support 80 slots.
Proposal 1: Update the working assumption as following:

· Change Y_{p, kp} to Y_{p, ns,f(  is the slot number.
 in the search space hashing function in subclause 10.1 of 38.213, where the index ns,f( } 
· The reset of the update is per 80 slots
3 Other open issues of search space design
3.1 PDCCH candidate dropping rule
In the last meeting, the blind decoding capability was extensively discussed and the following agreements were achieved [2]:
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]


Furthermore, the maximum channel estimation capability in terms of number of CCEs was agreed:
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

It can be seen that the PDCCH decoding complexity for a serving cell is determined by both the number of blind decodes and the channel estimation complexity as characterized by the number of CCEs. PDCCH candidates may be configured across search space sets to support scheduling flexibility for different traffic types and also minimize blocking probability. Consequently it is possible, given that PDCCH candidates are independently configured in search space sets, that the total number of blind decodes or the total number of CCEs for channel estimation within a slot may exceed the UE capability. Therefore, a decoding order of candidates should be determined, wherein the UE is not expected to decode candidates or perform channel estimation beyond the limits specified above unless a UE reports an advanced decoding capability. Towards this goal it was agreed that 
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

Different configuration scenarios can be envisioned with different mapping rules as discussed below:
· Case1: single USS with multiple monitoring occasions within a slot and CSS in the same slot. For example, two monitoring occasions are configured within a slot and each consists of 11 PDCCH candidates where two different DCI format sizes are monitored, resulting in 44 blind decodes for the USS.  Note that the number of blind decodes exceeds 44 since a CSS is also presented in the same slot.
For Case 1, the simplest solution is to drop some search spaces until the maximum number of blind decodes is reached.  For instance the monitoring occasions in the latter part of the slot can be dropped first. One disadvantage of this approach is the reduction in, or elimination of, scheduling opportunities later in a slot. This may not be desirable for low latency traffic configured for non-slot scheduling.  

Rather than drop candidates according to monitoring occasion, a different solution is to sequentially drop candidates in each monitoring occasion. For example, PDCCH candidates for a given search space (i.e. for a given AL) are dropped. It may be argued that dropping a smaller AL and transmitting a candidate with a larger AL enhances reliability. However, this means lower transmission efficiency as if PDCCH is transmitted with higher ALs than is necessary and in turn would lead to higher blocking. 
A different solution for Case 1 is as follows:
1. Initialize the number of blind decodes BD-count to the total number across all monitoring occasions for the USS and CSS in a slot. Denote BD-max as the agreed maximum number of blind decodes. Denote M as the number of monitoring occasions.
2. Initialize to the smallest AL in the search space set.
3. For the current AL, initialize the monitoring occasion counter k to 0
a. While k < M

i. If there is more than one candidate in monitoring occasion k, drop one PDCCH candidate and decrease BD-count by 1
ii. If the BD-count > BD-max, increment k
b. End while
c. If BD-count > BD-max, 
i. Increment AL and repeat Step 3

4. Increase the AL and repeat Step 3
An example is presented in the following table for the search space mapping shown in Figure 1. The number of PDCCH candidates configured for Type 0/0A/1/2 CSS is 7 candidates with a fixed DCI payload size. In addition a Type3-CSS is configured with 1 candidate for monitoring DCI format 2-0. For the USS there are 11 PDCCH candidates with two DCI payload sizes (e.g. for DCI formats 0_1 and 1_1) and two monitoring occasions.

Table-1: An example of how to skip PDCCH candidates within USS

	Search space type
	AL
	Configured PDCCH candidates
	First round skip
	Second round skip
	Third round skip
	Fourth round skip

	USS in monitoring occasion 1 (2 payload sizes)
	AL1
	4
	3
	3
	3
	3

	
	AL2
	4
	4
	4
	3
	3

	
	AL4
	2
	2
	2
	2
	2

	
	AL8
	1
	1
	1
	1
	1

	USS in monitoring occasion 2 (2 payload sizes)
	AL 1
	4
	4
	3
	3
	3

	
	AL 2
	4
	4
	4
	4
	3

	
	AL 4
	2
	2
	2
	2
	2

	
	AL 8
	1
	1
	1
	1
	1

	Type 0/0A/1/2 CSS (1 payload size)
	
	7
	7
	7
	7
	7

	Type3 CSS (1 payload size)
	
	1
	1
	1
	1
	1

	
	Total number
	52
	50
	48
	46
	44
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Figure1: An example for case1
· Case2: Multiple USS with same periodicity but associated with different CORESETs. The CORESETs may have different configurations, e.g. different QCL, different mapping type, etc.
UE can also be configured with three CORESETs and there are three USSs associated with the three CORESETs respectively. There are still two ways to handle the PDCCH candidate dropping. One way is search space level drop.  Regarding gNB can transmit one AL 16 PDCCH candidate in the CSS, the blocking possibility may be high if UE-specific PDCCH candidate is still transmitted in the same CORESET. UE can skip all the PDCCH candidates mapped in the CORESET wherein CSS is also transmitted. Furthermore, the different CORESET may have different configuration parameters, e.g. different TCI-StatesPDCCH which associated with different beam direction, different CORESET-CCE-to-REG-mapping-type, etc. UE can skip the search space transmitted  in a CORESET with a particular configuration. During beam management procedure, UE may obtain refinement information on the beam direction which tells UE the best beam at the moment. UE can compare the results obtained from beam management and the QCL configured for CORESET.  On the basis of the aforementioned procedure, UE skip the CORESET with worst QCL. Besides the QCL configuration, gNB may configure two CORESETs with localized mapping and distributed mapping respectively, in order to guarantee the performance of PDCCH transmission for bad channel condition. From this perspective, UE can drop the CORESET based on the mapping type configuration, e.g. interleaved mapping or non-interleaved mapping.
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Figure2: An example for case2
· Case 3: Multiple USS with different periodicity. One UE can be configured with different USS associated with different RNTI&PDCCH monitoring periodicity, e.g. USS1 is associated with C-RNTI and the periodicity is 1 slot. In parallel, USS2 is associated with CS-RNTI and the periodicity is 5 slots. Obviously, these two USS will collide every 5 slots, and as a result the number of blind decodes may exceed the maximum number per slot.  In this case, more than one USS can be configured with different monitoring periodicity and different RNTI values. The USS with larger periodicity has much less chance to be transmitted. If the USS with larger periodicity is dropped, the corresponding DCI has to wait a long time to get another chance to be transmitted.  On the other hand, it may not be a big issue if UE skip the USS with more frequent monitoring occasion at a particular occasion as it can monitor the expected DCI in the subsequent monitoring occasion. Actually, this method implies UE has to drop PDCCH candidate on search space level, which is not preferred as analyzed above.
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Figure3: An example for case3
Proposal 2: The following dropping rule for UE monitoring should be considered
· UE drop the PDCCH candidates based on which CORESET they are transmitted in, i.e. based on the QCL configuration, mapping type configuration, etc.

· UE drops PDCCH candidates within a slot with overbooking slot in the order of USS index first (in case more than one USS is included mapped to a given monitoring occasion), monitoring occasion index second and aggregation level third until the number of blind decodes is within the UE capability.
Regarding channel estimation complexity a few open issues remain including number of CCEs when cross-carrier scheduling is configured. If the cross-carrier scheduling is configured, the supported channel estimation capability should be dependent on that of blind decoding.  Considering the BD capability for CA, we have the following agreements:

· For CA with up to 4 CCs, maximum number of PDCCH blind decodes per slot for a UE depends on the number of configured CCs.

· All UEs supporting CA with the same set of CCs supports the same maximum number of PDCCH blind decodes.

· No explicit UE capability signaling to inform the maximum number of PDCCH blind decodes is reported.

· For CA with more than 4 CCs, maximum number of PDCCH blind decodes for a UE depends on the explicit UE capability.

· All UEs supporting CA with the same set of CCs supports at least the same number of PDCCH blind decodes.

This issue should be put under the same framework of CA for PDCCH blind decodes. It is straightforward to get the channel estimation capability implicitly from the BD capability. The channel estimation capability for a given slot per scheduled cell should linearly increase along with the supported number of blind decodes.
Proposal 3: In case of cross-carrier scheduling, the maximum number of CCEs supported for channel estimation could be derived from the maximum number of PDCCH blind decodes per slot.
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Regarding the UE channel estimation capability in terms of CCE has been agreed, e.g. 56 CCEs in a slot with numerology 15 kHz, the overall number of CCEs for channel estimation within a slot should not exceed the limitation. Another restriction is the maximum number of blind decodes which should be jointly considered when gNB configure search space for a dedicated UE. In the following table, we give the analysis with regard to the limitation of blind decode capability and channel estimation capability. Assuming one USS is configured with periodicity of two OS and non-overlap among all the PDCCH candidates. In order to respect the aforementioned restriction, the combination of configuration parameters in terms of PDCCH candidate is shown below. It seems the flexibility of configuration is hurt if non-nested structure is adopted when larger aggregation level is necessary.  From the second row in the following table, we can see that there are 14 BDs in total within a slot under the assumption of 56 CCEs for channel estimation capability. One straightforward method is to allow a big number of CCEs for channel estimation. The demerit is complexity on the UE side increases. 
Proposal 4: Either support nested structure or allow larger number of CCEs for channel estimation for case 2.

Table-2: {number of BD, number of CCE for channel estimation} assuming 7 monitoring occasion for a SS within one slot

	Max candidates
	Mini-slot1
	Mini-slot2
	Mini-slot3
	Mini-slot4
	Mini-slot5
	Mini-slot6
	Mini-slot7
	Total

	1 AL8
	{1,8}
	{1,8}
	{1,8}
	{1,8}
	{1,8}
	{1,8}
	{1,8}
	14BD,56CCE

	2 AL4
	{2,8}
	{2,8}
	{2,8}
	{2,8}
	{2,8}
	{2,8}
	{2,8}
	28BD,56CCE

	3 AL2
	{3,6}
	{3,6}
	{3,6}
	{3,6}
	{3,6}
	{3,6}
	{3,6}
	42BD,42CCE

	3 AL1
	{3,3}
	{3,3}
	{3,3}
	{3,3}
	{3,3}
	{3,3}
	{3,3}
	42BD,21CCE

	1 AL4+2 AL2
	{3,8}
	{3,8}
	{3,8}
	{3,8}
	{3,8}
	{3,8}
	{3,8}
	42BD,56CCE

	1 AL4+2 AL1
	{3,6}
	{3,6}
	{3,6}
	{3,6}
	{3,6}
	{3,6}
	{3,6}
	42BD,42CCE

	1 AL2+2 AL1
	{3,4}
	{3,4}
	{3,4}
	{3,4}
	{3,4}
	{3,4}
	{3,4}
	42BD,28CCE


4 Corrections to TS 38.213
In the current TS38.213, the DMRS scrambling is captured as follows:
“If a value for the DM-RS scrambling sequence initialization for Type0A-PDCCH common search space, or Type1-PDCCH common search space, or Type2-PDCCH common search space is not provided by higher layer parameter PDCCH-DMRS-Scrambling-ID in SystemInformationBlockType1, the value is the cell ID.”
However, the current description implies the DMRS scrambling ID could be configured per search space while the higher layer parameter PDCCH-DMRS-Scrambling-ID is included in the CORESET configuration instead of search space configuration. Furthermore, the CORESET associated with type0A-PDCCH common search space and type1-PDCCH search space should be the same one associated with type0-PDCCH common PDCCH, which has been captured in the following agreements:

Agreements: (RAN1#91 meeting)
· For paging,

· The following parameters for paging are explicitly signaled in the corresponding OSI/RMSI.

· It is up to RAN2 where the paging configuration is provided

· Paging occasion configuration, e.g., time offset, duration, periodicity

· [It is up to RAN2 how to configure the paging occasion.]

· PDCCH configuration which gives search space configuration including monitoring occasions within the paging occasion.

· For paging CORESET configuration, reuse the same configuration for RMSI CORESET as indicated in PBCH.

Agreements: (RAN1#90bis meeting)
· The following parameters for broadcast OSI CORESET are the same as those for the corresponding RMSI CORESET.

· frequency location, bandwidth, and numerology

· FFS: whether above parameters are identical for RMSI CORESETs configured by PBCH in all SS/PBCH blocks which defines a cell from UE perspective.

Besides, the UE can be additionally configured a control resource set for Type0-PDCCH common search space, Type0A-PDCCH common search space, Type1-PDCCH common search space, or Type2-PDCCH common search space for each configured DL BWP on the primary cell, other than the initial active DL BWP. In this case, the CORESET associated with above additional search spaces could be configured with UE-specific RRC signaling, which means the PDCCH-DMRS-Scrambling-ID could be configured without RMSI. Based on the above analysis, some modification should be made which is shown by the text proposal below.
------------------------------- Begin TP for Section 10.1 of TS 38.213 -------------------------------------------------

<Omitted>

If a value for the DM-RS scrambling sequence initialization for a CORESET associated with Type0-PDCCH common search space, Type0A-PDCCH common search space, or Type1-PDCCH common search space, or Type2-PDCCH common search space is not provided by higher layer parameter PDCCH-DMRS-Scrambling-ID, the value is the cell ID. 
<Omitted>

------------------------------- End TP for Section 10.1 of TS 38.213 -------------------------------------------------
In Section 10.1 of TS38.213, the following is captured in order to address the case of having fewer CCEs in the CORESET than the number of CCEs needed for the candidates of a given CCE aggregation level. 
“If, for a UE, any CCE index for PDCCH candidate with index 
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However, the purpose is not addressed clearly and some restrictions should be added.  The corresponding text proposal is as follows.

------------------------------- Begin TP for Section 10.1 of TS 38.213 -------------------------------------------------

<Omitted>

If, for an aggregation level L in a control resource set 
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overlaps with any CCE  index for a PDCCH candidate with index  
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, the UE is not expected to monitor the PDCCH candidate with index
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<Omitted>

------------------------------- End TP for Section 10.1 of TS 38.213 -------------------------------------------------
5 Conclusion
This contribution discussed several remaining details of the NR search space design. The main proposals are summarized below:
Proposal 1: Update the working assumption as following:

· Change Y_{p, kp} to Y_{p, ns,f(  is the slot number.
 in the search space hashing function in subclause 10.1 of 38.213, where the index ns,f( } 
· The reset of the update is per 80 slots
Proposal 2: The following dropping rule for UE monitoring should be considered

· UE drop the PDCCH candidates based on which CORESET they are transmitted in, i.e. based on the QCL configuration, mapping type configuration, etc.

· UE drops PDCCH candidates within a slot with overbooking slot in the order of USS index first (in case more than one USS is included mapped to a given monitoring occasion), monitoring occasion index second and aggregation level third until the number of blind decodes is within the UE capability.

Proposal 3: In case of cross-carrier scheduling, the maximum number of CCEs supported for channel estimation could be derived from the maximum number of PDCCH blind decodes per slot.
Proposal 4: Either support nested structure or allow larger number of CCEs for channel estimation for case 2.
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