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1. Introduction
In the previous meeting, the following progress was made regarding the CORESET configuration, blind decoding and the search space. 

	Agreement:
· The CORESET used to schedule the PDSCH containing the RMSI can be configured to contain also UE-specific PDCCH(s)
Working assumptions:
· For slot-based scheduling, the first DMRS position either on 3rd symbol or 4th symbol is configured by [PBCH].
· Maximum time duration of a CORESET is 2 symbols if the first DMRS position of a PDSCH with slot-based scheduling is on 3rd symbol, and is 3 symbols otherwise
· This replaces the past working assumption linking DMRS position to bandwidth X
Agreements:
· Supported aggregation levels for NR-PDCCH are at least 1, 2, 4, 8
· FFS 16 and 32 aggregation levels and also other numbers
Agreements:
· A PDCCH search space at an aggregation level in a CORESET is defined by a set of PDCCH candidates
· For the search space at the highest aggregation level in the CORESET, the CCEs corresponding to a PDCCH candidate are derived as following
· The first CCE index of a PDCCH candidate is identified by using at least some of the followings
· (1) UE-ID, (2) candidate number, (3) total number of CCEs for the PDCCH candidate, (4) total number of CCEs in the CORESET, and (5) randomization factor
· The other CCE indexes of the PDCCH candidate are consecutive from the first CCE index
· Searching space design for the lower aggregation level can be discussed separately
Working assumptions:
· In the case when only CORESET(s) for slot-based scheduling is configured for UE, the maximum number of PDCCH blind decodes per slot per carrier is X
· The value of X does not exceed 44
· FFS the exact value of X
· FFS for multiple active BWP, multiple TRP, multiple carriers, multi beams
· FFS for non-slot based scheduling
· FFS numerology specific X



In this contribution, we will continue discussion on various aspects related to search space design. Following is the outline of this contribution:
· Section 2.1: CORESET configuration
· Section 2.2: Search space design
· Section 2.3: Blind decoding distribution over CORESETs/search spaces
· Section 2.4: Multi-beam operation

2. Discussion
2.1. CORESET Configuration 
For a CORESET configured with UE-specific higher-layer signalling, monitoring periodicity can be configured. It is FFS whether this monitoring configuration is performed on CORESET-level or NR-PDCCH candidate-level. Configuring monitoring periodicity per each NR-PDCCH candidate could achieve the highest flexibility at the cost of signalling overhead. However, on the other hand, in the realistic network, monitoring periodicity is not considered per NR-PDCCH candidate granularity. Usually, multiple NR-PDCCH candidates would share the same monitoring periodicity. In this case, the NR-PDCCH candidates sharing the same monitoring periodicities can be configured in the same CORESET or search space. Then configuring the monitoring periodicity per CORESET or search space could achieve the equivalent flexibility of configuring monitoring periodicity per PDCCH candidate with reduced signalling overhead. Thus, we prefer to configure the monitoring periodicity per CORESET or per search space. For the slot-based scheduling, the possible candidate periodicity could be {1, 2, 5, 10} slots to provide scalable monitoring periodicities. As for the mini-slot scheduling, the possible candidate periodicities could be {1, 2, 7} symbols. 

· Proposal 1: For NR-PDCCH monitoring periodicity 
· It is a configuration per CORESET or search space 
· For slot-based scheduling, the candidate periodicities are {1,2,5,10} slots 
· For mini-slot base scheduling the candidate periodicities are {1,2,7} symbols. 

When a CORESET is configured in mini-slot level, the resource of the CORESET may be overlapped with other signals/channels, such as broadcast information including SS block as shown in the example of Fig.1. To avoid this collision, the straightforward solution is to restrict the configuration. For one CORESET overlapping with the broadcast information in frequency band, the monitoring periodicity occurring potential collision is not allowed. However, since the collision only happen in some specific symbol, restricting the configuration would reduce the configuration flexibility. Thus, some solutions to handling the collision is preferable. 

[image: ]
Figure 1 Example of  collision between CORESET and broadcast information
The following options can be considered to handle the collision. 
· Opt.1: Skip monitoring the CORESET when collision happens 
· [bookmark: OLE_LINK27]When collision happens, UEs may assume there is no PDCCH in the CORESET and is allowed to skip monitoring PDCCH in the CORESET in the collision occasion as shown in Fig. 2


[image: ]
Figure 2 Example of Opt.1
· Opt.2: Postpone the CORESET transmission when collision happens 
· When collision happens, UEs may assume there is no PDCCH in the CORESET and is allowed to skip monitoring PDCCH in the CORESET; instead, the UE is required to monitor PDCCH in the next valid symbol as shown in Fig.3


[image: ]
Figure 3 Example of Opt.2
· Opt.3: Rate-match around the colliding part 
· The overlapped part is NOT counted as one part of CORESET when the CORESET collides with the broadcast information, i.e., REGs in the CORESET are indexed with excluding the resources overlapped with the broadcast channels. 
· There is no PDCCH in the overlapped part the CORESET


[image: ]
Figure 4 Example of Opt.3
· Opt.4: Puncture the colliding part 
· The overlapped part is still counted as one part of CORESET when the CORESET collides with the broadcast information, i.e., REGs in the CORESET are indexed including the resources overlapped with the broadcast channels.  
· PDCCH is punctured at around the overlapping part for one NR-PDCCH 

[image: ]
Figure 5 Example of Opt.4
· Opt.5: Shift the CORESET to another frequency band when collision happens  
· Another frequency resource for the CORESET is pre-configured
· In the collision occasion, the CORESET will be shifted to the pre-configured frequency resource as shown in Fig.  6


[image: ]
Figure 6 Example of Opt.5 
For the above 5 options, both Opt.1 and Opt.2 would incur the scheduling delay. But Opt.1 is more simple. Both Opt.3 and Opt.4 could avoid the scheduling delay and Opt.3 outperforms Opt.4 in terms of decoding performance. Opt.5 could guarantee low latency and maintain the CORESET capacity at the cost of some additional complexity. In this case, it seems Opt.1, Opt. 3 and Opt.5 are preferable. 
· Proposal 2: Handle collision between CORESET and broadcast information is done by one of the following options. 
· Opt.1: Skip monitoring the CORESET 
· Opt.3: Rate-match around the colliding part
· Opt.5: Shift the CORESET to another frequency band
2.2. Search Space design 
The nested search space structure could reduce the channel estimation effort significant on the UE side, while on the other hand this kind of search space structure would increase the blocking probability. In order to reduce blocking probability, NR-PDCCH candidates other than those with the maximum aggregation level can be further randomized in UE-specific manner, so that the randomization results can still be mapped with the hierarchical structure. The randomization details can be further discussed taking into account blocking probability, affinity with precoder-cycling/random-BF, etc. At least, UE-specific randomization for AL=8 candidates mapping, and UE-specific randomization for AL=1, 2, and 4, among the candidates below AL=8 should be adopted.
[image: ]
Figure 7 Example of Hierarchical search space structure with further randomization.
· Proposal 3:
· Candidates with the maximum AL are mapped according to a hashing function A.
· Hashing function A could be the same as LTE (for both common SS and UE-specific SS).
· Candidates with non-maximum ALs are mapped as following:
· Candidates of a given non-maximum AL are mapped under the candidates with the maximum AL.
· Candidates of a given non-maximum AL are distributed using a hashing function B.
· For common search space, the hashing function B is common among the monitoring UEs. 
· For UE-specific search space, the hashing function B is UE-specifically determined.

2.3. Blind decoding 
As discussed in previous meetings, UEs can be configured with multiple CORESETs. As for the maximum number of blind decodings, it was assumed this value would not exceed 44. In LTE, total number of PDCCH candidates is fixed per subframe, and is shared among PDCCH and EPDCCH set(s) within a subframe. However, considering different monitoring occasions can be configured for each of the monitored CORESETs/search spaces as shown in Fig.8, how to determine the NR-PDCCH candidates assignment among the configured CORESETs should be considered. 
[image: ]
Figure 8 Example of CORESETs configured with different monitoring periodicities.

Generally, the following two options can be considered. 
· [bookmark: OLE_LINK28][bookmark: OLE_LINK29]Option 1: Number of NR-PDCCH candidates at a monitoring occasion is sum of the numbers of NR-PDCCH candidates over all the CORESETs
1. The number of NR-PDCCH candidates assigned to one CORESET is fixed at any monitored occasions. 
2. Totalnumber of NR-PDCCH candidates at a monitoring occasion would vary at another monitoring occasion if different CORESETs are configured with different monitoring periodicities.
3. gNB shall configure CORESETs and search spaces such that the total number of NR-PDCCH candidates per monitoring occasion does not exceed a certain limit.
· Option 2: Total number of NR-PDCCH candidates at a monitoring occasion is fixed, and is distributed over all the CORESETs at each monitoring occasion
1. The number of NR-PDCCH candidates assigned to one CORESET would change during the configured monitored occasions. 
2. The maximum number of blind decoding in monitoring occasion would be fixed
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Figure 9 Example of Option 1


[image: ]
Figure 10 Example of Option 2

Comparing Opt.1 and Opt.2, Opt.1 is quite simple. However, since option 1 require gNB to guarantee maximum number of blind decodes does not exceed the limit at any monitoring occasion, the number of blind decodes per CORESET may excessively be small, depending on CORESET combinations. This would restrict scheduling flexibility and would increase NR-PDCCH blocking probability. Opt.2 could fully exploit the UE capability of blind decodes at each monitoring occasion at the cost of complexity increase of gNB PDCCH scheduler. In our option, which option should be adopted depends on the number of configured CORESETs. If a reasonable number of NR-PDCCH candidates can be assigned for each CORESET, then increase of NR-PDCCH blocking probability would be marginal. Opt.1 would be preferable in this case. Otherwise, Opt.2 should be considered. So far, it is expected that the large number of CORESETs on one slot for one UE would not be large, e.g., maximum two or three UE-specific CORESETs. Then the number of NR-PDCCH candidates in one CORESET would be considerable and the blocking probability would not be a big issue. On top of these assumptions, we have a slight preference on Option 1. 

· [bookmark: OLE_LINK31]Proposal 4: 
· Number of NR-PDCCH candidates at a monitoring occasion is sum of the numbers of NR-PDCCH candidates over all the CORESETs.

2.4. Multi-beam operation 
2.4.1. Association between BPL and NR-PDCCH monitoring
From UE perspective, it will monitor multiple NR-PDCCH candidates in one or multiple control resource sets. When multiple BPLs are configured for the NR-PDCCH monitoring, the following options are possible for the association between BPL and NR-PDCCH monitoring. 

· Option 1: One control resource set is associated with one BPL. If the UE is configured with multiple BPLs, then multiple control resource sets should be configured accordingly. 
· Option 2: One NR-PDCCH candidate is associated with one BPL. One control resource set could include multiple NR-PDCCH candidates associated with different BPLs 
· Option 3: One REG bundle or CCE is associated with one BPLs. Then one NR-PDCCH will be transmitted over multiple BPLs. 

Among the above the 3 options, Opt. 3 is expected to provide spacial diversity gain. At the same time, the exact mapping between REG bundles and BPLs within one NR-PDCCH should be known by UE to facilitate the NR-PDCCH detection. For Opt. 1 and Opt. 2, both split the NR-PDCCH candidates among multiple BPLs. However, Option 2 may complicate the NR-PDCCH scheduling especially in the multi-TPR scenario. Multiple TRPs should be well aligned in time-domain and certain coordination is further required on the scheduling of NR-PDCCH in the common CORESET, which restrict the scheduling flexibility. Hence, Opt.1 is preferable from our perspective. 

· Proposal 5: 
· Support one CORESET associated with one BPL
· Support one REG bundle/CCE associated with one BPL and one NR-PDCCH candidate associated with multiple BPLs 

[image: ]
Figure 11 Example for Opt.1 (One BPL for one CORESET)

[image: ]
Figure 12 Example for Opt.2 (One CORESET contains multiple NR-PDCCH candidates associated with different BPLs)
[image: ]
Figure 13 Example for Opt.3 (one NR-PDCCH is transmitted over multiple BPLs)
2.4.2. Multi-beam based NR-PDCCH transmission 
When multiple BPLs are configured for one UE, how to transmit NR-PDCCH by using multiple BPLs should be further clarified. The straightforward method is to transmit on the best BPLs among the multiple BPLs, which is prospective to provide best performance and coverage for stable channel status. However, for UE fast-moving scenario, this method may have the risk of blockage, and this also require gNB’s quick BPL switching ability when detecting blockage to avoid the subsequent transmission failure. In order to tackle the blockage risk of UE fast-moving scenario, it is beneficial to utilize multiple beams for NR-PDCCH transmission, such as the options of:
· Option 1: One NR-PDCCH is transmitted over multiple BPLs
· Option 2: One NR-PDCCH is repeated multiple times by using different BPLs

In order to further compare the performances between two multiple-beam options, link-level BLER evaluations are conducted under the assumptions of 60/20-bits payload and 4/8/16-CCEs. For Option 2, joint decoding combining multiple repetitions are adopted at the receiver. The simulation parameters and blockage modeling methodology are listed in Appendix, wherein the blockage modeling A in TR 38.901 is adopted. The evaluation results w/o blockage effects are provided in Fig. 14-15, respectively.
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Figure 14  BLER performances of 4-CCE multi-beam PDCCH transmission
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Figure 15  BLER performances of 8-CCE multi-beam PDCCH transmission
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Figure 16  BLER performances of 16-CCE multi-beam PDCCH transmission

· Observation 1:
· For most cases of middle/code equivalent code rate, similar performances are observed between Option 1 and 2 under both blockage and non-blockage assumptions.
· Observation 2: 
· For high equivalent code rate (60-bits, 4-CCEs, etc), Option 1 outperforms Option 2 under both blockage and non-blockage assumptions, mainly due to better coding structure and larger coding gain.
2.4.3. Monitoring of BPLs
When multiple BPLs are configured, the potential blockage issue can be solved. However, on the other hand, some restriction would be imposed as well. As we discussed in section 2.4.1, NR-PDCCH candidate will be split among multiple BPLs or transmitted over multiple BPLs. For the case of transmitting one NR-PDCCH over multiple BPLs, it removes the possibility of employing one best BPLs for transmission to harvest the high spectral efficiency. For the case of splitting NR-PDCCH candidates among multiple BPLs, it would potentially increase the NR-PDCCH blocking probability no matter one NR-PDCCH is just transmitted once with the best beam or repeated on multiple beams. When one NR-PDCCH is transmitted with the best beam, only the NR-PDCCH candidates associated with this best beam are available for transmission and the provided capacity is limited. Therefore, the NR-PDCCH blocking would increase accordingly. When NR-PDCCH is repeated on multiple BPLs or the NR-PDCCH is transmitted across resources associated with multiple BPLs, obviously, the NR-PDCCH consume more resource and thereby incur high blocking probability. 
To balance the robustness and the scheduling flexibility, it is considerable that UE just monitor multiple BPLs in certain specific time occasions instead of monitoring multiple BPLs in all time occasions. As shown in the example of Fig.17. This kind of configure could ensure UE to benefits from high spectral efficiency in the time occasions associated with best BPL and enable UE to connect to another BPLs in the time occasions associated with multiple BPLs once the best BPL is blocked. 

[image: ]
Figure 17 UE only monitor multiple BPLs during specific time occasion

· Proposal 6:
· UE can be configured to monitor multiple BPLs only in some specific time occasions 

3. Conclusion
· Proposal 1: For NR-PDCCH monitoring periodicity 
· It is a configuration per CORESET or search space 
· For slot-based scheduling, the candidate periodicities are {1,2,5,10} slots 
· For mini-slot base scheduling the candidate periodicities are {1,2,7} symbols. 
· Proposal 2: The following options can be considered to handle collision between CORESET and broadcast information 
· Opt.1: Skip monitoring the CORESET 
· Opt.3: Rate-match around the colliding part
· Opt.5: Shift the CORESET to another frequency band
· Proposal 3:
· Candidates with the maximum AL are mapped according to a hashing function A.
· Hashing function A could be the same as LTE (for both common SS and UE-specific SS).
· Candidates with non-maximum ALs are mapped as following:
· Candidates of a given non-maximum AL are mapped under the candidates with the maximum AL.
· Candidates of a given non-maximum AL are distributed using a hashing function B.
· For common search space, the hashing function B is common among the monitoring UEs. 
· Proposal 4: 
· Number of NR-PDCCH candidates at a monitoring occasion is sum of the numbers of NR-PDCCH candidates over all the CORESETs.
· [bookmark: _GoBack]Proposal 5: 
· Support one CORESET associated with one BPL
· Support one REG bundle/CCE associated with one BPL and one NR-PDCCH candidate associated with multiple BPLs 
· Proposal 6:
· UE can be configured to monitor multiple BPLs only in some specific time occasions 

· Observation 1:
· For most cases of middle/code equivalent code rate, similar performances are observed between Option 1 and 2 under both blockage and non-blockage assumptions.
· Observation 2: 
· For high equivalent code rate (60-bits, 4-CCEs, etc), Option 1 outperforms Option 2 under both blockage and non-blockage assumptions, mainly due to better coding structure and larger coding gain.
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