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1 Introduction
In this paper, we discuss the remaining issues regarding PDCCH search space, including

· Maximum number of CCE for channel estimation

· PDCCH candidate mapping rule when overbooking
· UE capability reporting on blind decode number in carrier aggregation

2 Maximum number of CCE for channel estimation
In RAN1 #92, the number of CCE for channel estimation (CE) in Case 1-1 and 1-2 were agreed. For Case 2, the values are FFS. 
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
The maximum number of PDCCH blind decodes per slot is the same for Case 1-1, Case 1-2, and Case 2. This can be also applied to the determination of maximum CCE number for CE. That is, the maximum CCE number for CE in Case 1-1, 1-2 and 2 are the same. Although this may introduce the scheduling constraint for network, the PDCCH candidate overbooking and mapping rule discussed in Section 3 can be used to relax the scheduling complexity and blind decode/CE efforts on network and UE receiver.
Proposal #1: The maximum CCE number for channel estimation in Case 2 is the same as in Case 1-1 and 1-2.
3 PDCCH candidate mapping rule when overbooking
In NR, in order to support diverse scenarios and services, the UE may be configured to monitor multiple search space sets or CORESETs with different monitoring periodicities or other properties.  In this case, it is possible that the UE needs to monitor a large number of PDCCH candidates in some slots which denoted as “peak slot” in this paper. As illustrated in Figure 1, the UE monitors 3 search space sets SS #1, SS #2 and SS #3 according to their periodicity 1 slot, 10 slots and 5 slots, respectively. The “peak slot” occurs on slot #0, slot #10, and so on. Based on the agreements in RAN1 meetings, the UE capability on blind decode number per slot is 44, 36, 22 and 20 for subcarrier spacing (SCS) 15 kHz, 30 kHz, 60 kHz and 120 kHz, respectively. The UE capability on CCE number for CE in a given slot is 56, 56, 48 and 32 for SCS 15 kHz, 30 kHz, 60 kHz and 120 kHz, respectively. If the network assign the PDCCH candidate number per aggregation level (AL) per search space set based on “peak slot”, it’s expected that the PDCCH candidate number per AL per search space would be few to meet the maximum number on the blind decode number and/or CCE number for CE. However, this will restrict the scheduling flexibility and increase the PDCCH blocking probability among UEs.
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Figure 1. Example of “peak slot”

To solve the scheduling constraint, the following agreement regarding PDCCH candidate mapping was agreed. The network is allowed to configure PDCCH candidate number leading to the total blind decode number and/or CCE number for CE exceed(s) the maximum number. When this happens, the UE drops the additional PDCCH candidate number to meet the maximum number. In this section, we provide views on the detail of PDCCH candidate mapping rule.

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
As agreed in the last meetings, the PDCCH candidates in CSS have higher priority than in USS. That is, the PDCCH candidates are mapped to CSS first and then USS. In this paper, we further discuss the priority for PDCCH candidates by taking a) DCI formats, b) monitoring periodicity, and c) monitoring occasions within a slot into account.

In CSS, the DCI formats can be categorized as follows:
· C1: DCI format 0_0/1_0/2_2/2_3 in CSS in CORESET #0, where CORESET #0 is configured by MIB
· C2: DCI format 0_0/1_0/2_2/2_3 in CSS in CORESET #x, where x > 0

· C3: DCI format 2_0

· C4: DCI format 2_1

Compared with CSS in CORESET #x, where x > 0, the CSS in CORESET #0, i.e., C1, should have higher priority because C1 could serve UEs in both RRC_CONNECTED and initial access. Thus, the DCI formats transmitted in CSS in CORESET #0 help network to save signaling overhead for common information delivery without transmitting multiple duplicated signals. DCI format 2_0 and 2_1 are for slot format indicator and preemption indicator, respectively. Compared with DCI format 2_0, the priority of DCI format 2_1 should be lower. Without receiving the preemption indicator, the corresponding PDSCH may fail, but the UE can transmits NACK for data retransmission.
Proposal #2: In CSS, the priority for PDCCH candidates is: DCI format 0_0/1_0/2_2/2_3 in CSS in CORESET #0 > DCI format 0_0/1_0/2_2/2_3 in CSS in CORESET #x (x > 0) > DCI format 2_0 > DCI format 2_1
In USS, the DCI formats including
· U1: DCI format 0_0/1_0

· U2: DCI format 0_1/1_1

To ensure the performance robustness, in USS, the DCI format 0_0/1_0 should have higher priority than DCI format 0_1/1_1 when the DCI format 0_1/1_0 is not monitored in CSS. If the DCI format 0_0/1_0 is already monitored in CSS, then the DCI format 0_1/1_1 can have higher priority such that it can preserve the scheduling flexibility on fallback DCI and non-fallback DCI switching for network.

Proposal #3: In USS, 
· if the UE does not monitor DCI format 0_0/1_0 in CSS, then the priority for PDCCH candidates is DCI format 0_0/1_0 > DCI format 0_1/1_1;
· Otherwise, DCI format 1_0/1_1 > DCI format 0_0/1_0

The monitoring periodicity of search space set should be considered when defining the priority of PDCCH candidates too. Assume that SS#1, SS#2 and SS#3 in Figure 1 are UE-specific search space sets with different monitoring periodicities. In our opinion, the search space with shorter monitoring periodicity has the lower priority. For example, SS#1 with the shortest periodicity is given the lowest priority. If UE gives up monitoring PDCCH candidates in SS#1 in “peak slot”, the candidates in SS#1 can be monitored in later slots soon. However, if the candidates in SS#2 are dropped in “peak slot”, the UE needs to wait for 10 slots to monitor PDCCH candidates in SS#2 again.
Proposal #4: For the search space sets with the same DCI formats and search space type (e.g., CSS or USS), the PDCCH candidates in a search space set with longer monitoring periodicity have the higher priority. 
Furthermore, within a slot, the PDCCH candidates in a search space set may occur several times according to the monitoring occasions within a slot. For example, in Figure 2, the PDCCH candidates are monitored starting from symbol index #0 and #1. Considering the data processing latency, the PDCCH candidates in the same search space set have higher priority when they exist in the earlier symbols of the slot. Therefore, in Figure 2, the search space set starting from symbol index #0 has higher priority than starting from symbol index #1.
Proposal #5: For the same search space set, within a slot, the PDCCH candidates in the search space monitored starting from earlier symbol index has higher priority.
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Figure 2. Illustration of monitoring occasions

In a search space set, the network can configure PDCCH candidate number for ALs 1, 2, 4, 8 and 16, separately. Considering the robustness of PDCCH performance, the higher AL should have higher priority to ensure that the UE can receive the PDCCH successfully. 
Proposal #6: For the same search space set, the PDCCH candidates with larger aggregation levels have higher priority.

However, if the remaining PDCCH candidates are all for large AL, the PDCCH transmission is inefficient because PDCCH link adaption cannot be applied. To find a balance between the performance robustness and scheduling flexibility, the approach in Figure 3 can be used for PDCCH candidate mapping. In Figure 3, we assume that the UE monitors DCI format 1_0/1_1 in USS. And the candidate number for AL 1, 2, 4, 8 and 16 are 6, 5, 4, 3 and 2, respectively. 
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 denotes  the i-th PDCCH candidate with AL y in search space set Sj. According to the candidate mapping rule proposed in Proposal #6, the candidate is mapped from AL 16 to AL1 in a zigzag shape with increased candidate index. In this example, the number of blind decode and/or CCE number for CE exceed(s) the UE capability (either number of BD or CCEs) , therefore, the last two candidates 
[image: image4.wmf]1

,

0

4

AL

S

m

and 
[image: image5.wmf]1

,

0

5

AL

S

m

are dropped.
[image: image6.png]AL8 AL4 AL2 AL1

Y TS R Y M Y TN
F——SCAIBT | S0AL4 S0,AL2 S0,AL1
Ty ey LS T———
o SOAb — = — - SOALA S0,AL2 SOAL1
> m5 5 e ——_
— S0l — |~ — U S0AL2 S0,AL1
2" PDCCH candidate for AL 8 in '3 M3 Ty ———
search space #0 S0ALZ
4 4





Figure 3. Illustration of PDCCH candidate mapping for DCI format 1_0/1_1 in USS
We further consider the PDCCH candidate mapping by applying Proposals #2 to #6. Based on Proposals #2 to #6, the priorities of PDCCH candidates with different DCI formats, monitoring periodicities, and monitoring occasions within a slot can be defined. Figure 4 depicts the candidate mapping rule for the UE monitoring SS #0, #1 and #2. Suppose that, according to Proposals #2 to #6, the PDCCH candidates can be categorized into 4 priority groups. As shown in Figure 4, the candidate mapping order is from AL 16 in the 1st priority group to AL 1 in the 4th priority group. In this example, the blind decode number and/or CCE number of CE exceed(s) UE capability after mapping the third candidate of AL2 i.e., 
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, in the 4th priority group, therefore, the UE is not required to monitor candidates with “X” in Figure 4 although the candidates are configured. One of the benefit of mapping candidates across different priority groups instead of dropping all the candidates in the last priority group firstly is that the candidates dropping can be distributed to multiple priority groups. Therefore, the UE has the chance to monitor PDCCH candidates in different groups with different properties. For example, the 3rd and 4th priority groups are both for monitoring DCI format 1_0/1_1 in USS, the starting CCE of SS #1 and SS #2 can be different if they are associated with the different CORESETs. This may help to reduce the PDCCH blocking probability. We propose
Proposal #7. The PDCCH candidates are mapped according to the priority defined in Proposal #2 to #6 from the largest aggregation level in 1st priority group to the lowest aggregation level in the lowest priority group with increased candidate index in a zigzag shape until the blind decode number or/and the CCE number for channel estimation is/are fulfilled.
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Figure 4. Illustration of PDCCH candidate mapping across DCI formats, search space monitoring periodicity and monitoring occasions within a slot

4 UE capability reporting on blind decode number in carrier aggregation

In 3GPP RAN1#92 meeting, following agreements were made for the maximal number of BDs per slot and the UE capability signalling for PDCCH BDs in CA.

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 UE capability signalling for PDCCH BDs in CA is integer value from {4, …, 16}.

· Discuss further whether or not to restrict the combination of the number of CCs that a UE can support vs. the number of PDCCH BDs indicated via UE capability signalling

Although the capability signalling for PDCCH BDs was agreed to be integer value from {4, …, 16}, it is unclear about how to map the integer to the max number of BDs which the UE can support. In this section, two cases are considered:

· All the CCs have the same numerology

In this case, when a UE reports n (4<=n<=16), the max number of BDs that can be supported by the UE is equal to n * the maximal number of BDs per slot. For example, suppose UE reports n=4. Assume the numerology of all the configured CCs is 30 kHz. Then it means the UE can perform 4*36 = 144 BDs per slot (0.5ms). If the numerology of all the configured CCs is 15 kHz, it means the UE can perform 4*44 = 176 BDs per slot (1ms).

· Not all the CCs have the same numerology

In this case, when a UE reports n (4<=n<=16), the number of BD that can be supported by the UE is equal to n * the number of BD per slot corresponding to the configured CC with the smallest SCS. For example, suppose UE reports n=4. Assume the minimal SCS of all the configured CCs is 30 kHz. Then it means the UE can perform 4*36 = 144 BDs per 0.5ms. If the minimal SCS of all the configured CCs is 15 kHz, it means the UE can perform 4*44 = 176 BDs per 1ms.
Proposal #8: Assume carrier aggregation is used for UE, when a UE reports n (4<=n<=16), the number of BDs that can be supported by the UE is n* the number of BD per slot corresponding to the configured CC with the smallest SCS.
5 Conclusions

In this paper, we discuss the remaining issues in search space, and the proposals are listed as follows.
Proposal #1: The maximum CCE number for channel estimation in Case 2 is the same as in Case 1-1 and 1-2.

Proposal #2: In CSS, the priority for PDCCH candidates is: DCI format 0_0/1_0/2_2/2_3 in CSS in CORESET #0 > DCI format 0_0/1_0/2_2/2_3 in CSS in CORESET #x (x > 0) > DCI format 2_0 > DCI format 2_1

Proposal #3: In USS, 

· if the UE does not monitor DCI format 0_0/1_0 in CSS, then the priority for PDCCH candidates is DCI format 0_0/1_0 > DCI format 0_1/1_1;

· Otherwise, DCI format 1_0/1_1 > DCI format 0_0/1_0

Proposal #4: For the search space sets with the same DCI formats and search space type (e.g., CSS or USS), the PDCCH candidates in a search space set with longer monitoring periodicity have the higher priority. 

Proposal #5: For the same search space set, within a slot, the PDCCH candidates in the search space monitored starting from earlier symbol index has higher priority.

Proposal #6: For the same search space set, the PDCCH candidates with larger aggregation levels have higher priority.

Proposal #7. The PDCCH candidates are mapped according to the priority defined in Proposal #2 to #6 from the largest aggregation level in 1st priority group to the lowest aggregation level in the lowest priority group with increased candidate index in a zigzag shape until the blind decode number or/and the CCE number for channel estimation is/are fulfilled.
Proposal #8: Assume carrier aggregation is used for UE, when a UE reports n (4<=n<=16), the number of BDs that can be supported by the UE is n* the number of BD per slot corresponding to the configured CC with the smallest SCS.
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