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1 Introduction
In this contribution, the issues related CORESET configuration, search space design including nested structure and the number of blind decodes, and PDCCH monitoring procedures, are considered, respectively, in Section 2, Section 3, and Section 4. In each section, the issues are discussed and solutions are proposed.
2 CORESET configurations
In this section, we provide our views on the following aspects.

· The relationship between CORESET and search space

· The CORESET configurations

2.1 Connection between CORESET and search space
There are two types of CORESET supported in NR. One is the common CORESET which is monitored by the UEs during initial access and RRC IDLE mode. The other is the additional CORESET which is monitored by the UEs after RRC connection establishment.

No matter the RRC connections are set up or not, the common search space (CSS) is required for UEs to receive cell-specific information. Therefore, the CSS should be contained in the common CORESET. Similar as in LTE, the common CORESET can also contain the UE-specific search space (USS) for receiving the Msg4 before obtaining the additional CORESET configurations. Once the common CORESET is configured to contain the UE-specific PDCCH(s), the UEs can monitor the PDCCHs in the USS. The CSS and USS in the same CORESET can be fully or partially overlapped in frequency and time for better resource utilization.

An additional CORESET can have both group common search space (GC-SS) and USS or only USS. In our view, an UE doesn’t monitor the USS of the common CORESET after receiving the configurations of additional CORESET(s). The configurations of the common CORESET are strived for pursuing robust performance for all (or group) of UEs in the cell. And many parameters, e.g., REG-to-CCE mapping and REG bundle size, are tied to the CORESET configurations, therefore, it’s not efficient to transmit UE-specific PDCCH in the common CORESET when the channel state of the UEs are available. 

The GC-SS is used to transmit GC-PDCCH or group common DCI (GC-DCI). GC-PDCCH carries the slot formation information (SFI), and the GC-DCI includes pre-emption information, power control command, etc. Unlike the signal carried in the CSS of common CORESET, the beam sweeping is not required for the message carried in the GC-SS. Besides, to save the signalling overhead of the GC-PDCCH (or GC-DCI), the GC-SS of additional CORESETs for different UEs could be overlapped in frequency and time such that only one GC-PDCCH (or GC-DCI) is transmitted in the same physical resources for UEs in the same group. The overlapped REs in frequency and time also provide the benefit in mmWave system. The gNB can configure the favourable CORESET overlapped resources in frequency and time for UEs which have distinct analog beams. And the gNB schedules the UEs that their favourite beams are the same in the same slot. The overlapped physical resources increase the resource utilization. One additional CORESET can have one or more than one USS. Multiple USS can be configured when the cross-carrier scheduling in carrier aggregation is used.

Proposal #1: A common CORESET has one CSS and one USS.
Proposal #2: An additional CORESET can have both GC-SS and USS or only USS. Multiple USS can exist in one additional CORESET.

Proposal #3: In RRC CONNECTED mode, an UE doesn’t monitor the USS of the common CORESET.
2.2 CORESET configurations

It is rational that different CORESETs can have distinct configurations when an UE is configured to monitor multiple CORESETs. Different configurations of CORESETs provide the scheduling flexibility for the gNB to transmit PDCCH in a proper way for divergent services and scenarios in NR. Take the REG-to-CCE mapping as an example, from the perspective of the gNB, it can configure interleaved mapping for a CORESET to strive for better frequency diversity if the CSI feedback for an UE is not available or unreliable. When the CSI feedback is available, a CORESET can also be configured with non-interleaved mapping to pursue the beamforming gain. The configurable CORESET properties allow the gNB to transmit PDCCHs in a more efficient and robust fashion. From the viewpoint of UEs, the explicitly CORESET configurations help to reduce the blind decoding (BD) complexity.

The UEs can receive the configurations through MIB and RRC signalling for the common and additional CORESETs, respectively. Due to the limited capacity of PBCH, some CORESET configurations can be predefined to save the signalling overhead.

More discussions are listed as follows.

Frequency resource
· Bandwidth and the centre frequency offset related to the SS block can be configured for the common CORESET

· Frequency resource allocation and bandwidth part indication can be configured for the additional CORESET

To save the signalling overhead, the frequency resource of the common CORESET can be restricted. For example, the frequency resources include continuous PRBs. In this case, the frequency resource can be indicated by configured the centre frequency offset related to the SS block and the number of PRBs.

For the additional CORESET, it can contain either continuous or non-continuous PRBs in frequency domain. The signalling manner as EPDCCH, e.g., combinatorial index, can be considered for the resource configuration of additional CORESET. In addition, the bandwidth part operation should also be considered. The common CORESET can be located in the common bandwidth part, therefore, the bandwidth part indication is not required. However, if more than one bandwidth part can be activated, then the bandwidth part indication may be needed for the additional CORESET.
Time resource

· Starting symbol and time duration

In the RAN1#89 meeting, it was approved a CORESET can be configured with one or a set of contiguous OFDM symbols in time domain. It can indicate the time resource allocation of the CORESET by signalling the starting symbol and time duration.

Periodicity
There is no need to provide the periodicity in the common CORESET configurations. The PDCCHs carried in the common CORESET have their own periodicities, e.g., paging and SI, or transmission timing due to event trigger, e.g., RAR, and the UEs know this information. Therefore, the UEs can monitor the common CORESET at the right time without transmitting the related information in the CORESET configuration.

For the additional CORESET, the periodicity information provides the flexibility for different services. For instance, the eMBB users can be configured to monitor a slot-level CORESET, while the URLLC users can be configured to monitor a symbol-level CORESET.

Numerology

As agreed in RAN1 #90 meeting, at least for RMSI, Msg.2/4 for initial access and broadcasted OSI, the numerology is informed in PBCH payload. The numerology used for paging, Msg.2/4 for other purposes and on-demand OSI is FFS. The numerology can be preserved as one of the configurations of common CORESET to provide the flexibility for the gNB to scheduling PDCCHs. 

For the additional CORESET, this configuration is not required. In the wider bandwidth part (BWP), it was agreed that the numerology configuration of BWP is applied to at least PDCCH, PDSCH and corresponding DMRS.
REG-to-CCE mapping
· Interleaving or non-interleaving
To strive for the larger frequency diversity and reduce the configuration overhead, the REG-to-CCE mapping can be defined as interleaving for the common CORESET. For the additional CORESET, this configuration has the benefit for the gNB to pursue the better PDCCH performance for different channel conditions. If the CSI feedback of UE is not available or unreliable, the interleaving can be applied. Otherwise, the non-interleaving mapping can be used. A specific REG-to-CCE mapping per CORESET can help to restrict the UE complexity. The UE can do blind decoding only based on this explicit signalling.
Search space configurations

· Types of search spaces

· Number of search spaces

· Supported set of aggregation levels
The aggregation levels (AL) of the common CORESET can be predefined as high ALs to provide robust performance for the common PDCCH. 
An additional CORESET can have both GC-CSS and USS or USS only. One or more than one USS can exist in the CORESET simultaneously. So the type and number of existing search space(s) are both required for the UE to know how to do the blind decoding. 
Moreover, the AL configuration provides the benefit to reduce the number of blind decoding. If a UE is in good channel condition and low ALs are enough to provide good performance, then this configuration can support low ALs only or to scaling down the number of blind decoding candidate for high ALs. Thus, the UE can skip some blind decodings according to the indication.

REG bundle size

For the common CORESET, the REG bundle size can be fixed to be 6. Because the high ALs are used for common PDCCHs, the frequency and beam diversities are good. Pursuing better CE accuracy in low SNR operation points can help to improve the PDCCH decoding performance.

For the additional CORESET, this information is not required to be signalled when the REG-to-CCE mapping is non-interleaved because the REG bundle size is fixed to be 6 in this case. Otherwise, the REG bundle size is configured. With this explicit signalling, the UE can know the number of pilots which can be used for interpolation in frequency and time domains during CE process.
DMRS configurations
· DMRS initialization
The DMRS initialization can be predefined to be related to the cell ID and this configuration may not be required for the common CORESET. For the additional CORESET, this information, e.g., virtual cell ID, can be configured to support non-orthogonal MU-MIMO.
Timing duration of CORESET monitoring

For the common CORESET, most of its carried information, e.g., paging, should be transmitted with beam sweeping because the gNB has no reliable knowledge of UEs’ favourite beams during initial access or RRC IDLE mode. In our view, the common CORESETs can be multiplexed with the SS blocks in a FDM manner to shrink the required time of beam sweeping when the common CORESETs are coexisted with the SS blocks. The common CORESETs can also be multiplexed with the SS blocks in a TDM fashion when the frequency bandwidth is limited or they don’t appear at the same time. In the following, we discuss the required signalling for the case that the common CORESET and SS block don’t appear at the same time. Because of the limited capacity of PBCH, we prefer to configure this information through SI.

· PDCCH which schedules RAR

The beam sweeping is not required for the transmission of PDCCH which schedules RAR. The UEs can monitor the PDCCH by the triggering of random access procedure. The transmission occasion and monitoring timing window of RAR can be either defined in spec or signalled through the CORESET configurations.

· PDCCH which schedules paging or SI

The beam sweeping is required for the transmission of PDCCH which schedules paging or SI. The UEs follow the periodicities of PDCCHs to monitor the common CORESETs. To reduce the overall elapsed time for beam sweeping, it is better to transmit the CORESETs in a burst. The starting timing of burst transmission can be deduced according to the periodicities of PDCCHs. In order to properly monitor the CORESETs in a burst, the UEs also need to know the time duration of a burst, i.e., the number of CORESET in a burst, and the resource mapping of different CORESETs and scheduling PDSCH. At least following alternatives for resource mappings for CORESET-PDSCH can be considered:

Alt 1) the CORESET and its scheduling PDSCH are allocated in adjacent symbols as Figure 1(a).

Alt 2) it’s depicted as Figure 1(b). The CORESETs are transmitted in a burst first, and follows the burst of PDSCH. The CORESET and its scheduling PDSCH don’t need to have the same order in bursts.

Alt 3) shown as in Figure 1(c), the CORESET and its scheduling PDSCH are allocated in FDM manner. This may not be appropriate if the frequency bandwidth is limited.

Considering the waiting time of scheduled PDSCH, we prefer the Alt 1 of CORESET-PDSCH mapping. This mapping can be provided in the CORESET configuration or predefined in the specification to save the signalling overhead.
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Figure 1. Illustration of the resource mapping of CORESET and its scheduling PDSCH

Beam information

The TX-RX beam pair link(s) of an UE can be refined according to the beam management procedure in the RRC CONNECTED mode. To support this, one approach is to make the additional CORESET to be QCLed with the RS resource. The associated RS resource information can be provided through the CORESET configuration.

This information may not be required for the common CORESET. If a common CORESET is QCLed with the SS block, then the beam information is known by UE through the SS block acquisition. But if the common CORESET can be QCLed with other reference signals, e.g., TRS, then this configuration is required to let UE know which RS can be used for timing and frequency tracking.

According to the discussions, we have following proposals:

Proposal #4: For the common CORESET, at least following parameters are configured.
· Frequency resource

· Time resource
· Timing duration, i.e., the length of a CORESET burst, of CORESET monitoring

Proposal #5: For the additional CORESET, at least following parameters are configured.
· Frequency resource

· Time resource

· Periodicity

· REG-to-CCE mapping

· Search space configurations

· REG bundle size

· DMRS configurations
· Beam information
3 Search space

In this section, we discuss the search space design for NR PDCCH. In Section 3.1, we will discuss the nested search space structure. In Section 3.2, we will discuss the number of blind detections for slot based scheduling.
3.1 Search space structure

To reduce the UE complexity in blind decodes, the nested structure of search space was discussed in NR. That is, for a CORESET configured with a set of aggregation levels, the PDCCH candidates of lower aggregation levels should be placed within the resources used for the PDCCH candidates of the highest aggregation level. In RAN1#90, the search space definition of the highest aggregation level has been agreed as follows.

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
Based on the agreement, the first CCE index of a PDCCH candidate can be identified by using a randomization factor. In our view, if the search space of an aggregation level exist in multiple CORESETs, this randomization factor should result in different CCE indices for PDCCH candidates in multiple CORESETs. 
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Figure 2. The PDCCH blocking rates for same and different CCE locations at 2 CORESETs
In Figure 2, we compare the PDCCH blocking rates when the CCE indices for PDCCH candidates in two CORESETs are the same and different. In the simulations, the number of CCEs is 16 in each CORESET. The PDCCH candidates for aggregation levels 1, 2, 4, and 8 at each CORESET are 3, 3, 1, and 1, respectively. The probabilities of aggregation levels 1, 2, 4, and 8 are 0.56, 0.29, 0.12, and 0.03, respectively. Each UE is randomly assigned an aggregation level according to the above probabilities. RNTI is randomly generated for each UE to decide the starting position of the PDCCH candidates. 
From the simulation results, we can see that for both localized and distributed search space, different CCE locations at 2 CORESETs gives lower blocking rate than using the same CCE locations. The reason is that the gNB can allocate DCI to the second CORESET with different CCE location if the DCI is blocked in the first CORESET.
Furthermore, distributed search space for all configured aggregation levels should be supported. For example, suppose a CORESET with 32 CCEs is configured with aggregation levels {1, 2, 4, 8}. Suppose aggregation level 8 occupies CCE index 0-7 and 16-23. Then the PDCCH candidates of aggregation levels 1, 2, and 4 should be distributed within CCE index 0-7 and 16-23. 
Proposal #6: If the search space of an aggregation level exist in multiple CORESETs, CCE indices of PDCCH candidates in multiple CORESETs should be different.
Proposal #7: For the nested structure, the PDCCH candidates of the aggregation levels should not be placed outside the resources used for the candidates of the highest aggregation level.
Proposal #8: Distributed search space should be used for all aggregation levels.
3.2 Number of blind decodes for slot-based scheduling
In RAN1#90 meeting, the following working assumptions related to PDCCH blind decodes were agreed, and there are some issues left for further discussion. In this section we express our view on these issues.
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
· The case of multiple active BWP, multiple TRP, and multi beams
Per slot and per carrier, the number of BD is split into multiple active BWPs, multiple TRPs, and multiple beams. For BWPs, the allocation of BD can be proportional to the bandwidth of the CORESET. For TRPs and antenna beams, the allocation can be evenly distributed. 
· The case of multiple component carriers
For carrier aggregation, the total number of blind decodes is UE capability. There should be a minimal requirement for the UE BD capability. Based on the UE capability, gNB can configure UE

· Number of PDCCH candidates per CCE aggregation level, per DCI format size 

· Set of aggregation levels

· Set of DCI format sizes
· Numerology

The maximum value X should be numerology specific. For example, in the case of 120 kHz SCS, the slot duration is 1/8 of that in 15 kHz SCS. Having the same value of X in 120 kHz SCS means 8 times more PDCCH blind decodes per 1ms compared to 15 kHz SCS case and the LTE baseline. The impact of UE complexity and power consumption should be considered in this case. 
· The exact value of X for each numerology
The criterion in choosing X is to have roughly the same DCI processing time in the unit of OFDM symbols for SCS 15, 30, 60, and 120 kHz. We assume the absolute time of DCI processing time is linear with the number of blind decodes. To meet the design target, it is suggested
· 15 kHz: the maximum number of blind decodes is 44

· 30 kHz: the maximum number of blind decodes is 22

· 60 kHz: the maximum number of blind decodes is 11
· 120 kHz: the maximum number of blind decodes is 5
Proposal #9: The maximum number of PDCCH blind decodes per slot per carrier is numerology specific.
· The value is fixed per slot per carrier for a given numerology.

Proposal #10: For carrier aggregation, the total number of blind decodes is UE capability. 

· Minimal requirement for the UE capability of blind decodes should be defined.
· Based on the UE capability, gNB can configure UE

· Number of PDCCH candidates per CCE aggregation level per DCI format size 

· Set of aggregation levels

· Set of DCI format sizes
Proposal #11: The maximum number of PDCCH blind decodes per slot per carrier is numerology specific. The value is given below

· 15 kHz SCS: the maximum number of blind decodes is 44

· 30 kHz SCS: the maximum number of blind decodes is 22

· 60 kHz SCS: the maximum number of blind decodes is 11
· 120 kHz SCS: the maximum number of blind decodes is 5
4 PDCCH monitoring procedure
In this section, we further discuss the PDCCH monitoring procedure by taking multi-beam system into account. One of the unavoidable challenge of the signal transmission in mmWave system is the large path loss. To compensate the huge loss in nature, NR supports the signal transmission and reception with multiple analog beams. In the following, we discuss the PDCCH monitoring procedures in initial access, RRC IDLE mode, and RRC CONNECTED mode separately.
4.1 PDCCH monitoring during initial access

During the initial access, without the knowledge of beam information of the UE, the gNB needs to transmit SS blocks with different analog beams to ensure that the composition of SS block can be received by the UE. After the SS block acquisition, an UE has to further receive the SI and RAR to complete the procedure of initial access. At this stage, the gNB still has no way to recognize the most favourite beam of UE because the UE cannot report the beam information. To solve this problem, one way is to make the common CORESET which including the CSS to be QCLed with the SS block. If the QCL property is hold between SS block and common CORESET, the UE can find the common CORESET through the SS block acquisition and receive the CORESET configurations via MIB. And then, the UE monitors the CSS to receive SI and RAR in the corresponding common CORESET by using the same TX and RX beam pair link (TX-RX BPL) of SS block acquisition. The signal quality of PDCCHs can be guaranteed due to the beam association between the common CORESET and SS block. In addition, the UE also uses the same TX-RX BPL to monitor Msg.4 which transmitted in the USS of the same CORESET.

After the RRC establishment/re-establishment, an UE continues monitoring the CSS of common CORESET for receiving SI. But as described in Section 3, the UE doesn’t monitor the USS of common CORESET in RRC CONNECTED mode. In the RRC CONNECTED mode, the gNB can transmit the PDCCHs which scheduling RAR or Msg.4 in the additional CORESET(s) with refined beams because the UE can do beam management at this stage. Moreover, if a SS block is configured to be QCLed with a CSI-RS resource, the gNB can override the common CORESET configurations for an UE by RRC reconfiguration according to the UE’s beam reporting. This can help UE to monitor a common CORESET with better beam quality.

Proposal #12: The common CORESET comprising PDCCH related to SI should support beam sweeping.

4.2 PDCCH monitoring in RRC IDLE mode

In the RRC IDLE mode, an UE needs to monitor the paging message. Similar as in the initial access, the gNB does not have the reliable knowledge about the TX-RX BPL of the UE. Although the UE can report its favourite beam through the beam management procedure in the RRC CONNECTED mode, the beam information would be out-of-date because of the UE’s movement. Therefore, the beam sweeping is also required for paging. One method is to have the common PDCCHs for different purposes, e.g., SI, paging and RAR, in one common CORESET. An UE monitors the PDCCHs by following the periodicity/occasion and timing window of the common PDCCHs. As depicted in Figure 2, we provide an example about how to do beam sweep when the common CORESET is coexisted with the SS blocks during a time period. The SS blocks and common CORESETs are multiplexed by FDM to shrink the elapsed time of beam sweeping.

Proposal #13: The common CORESET comprising PDCCH related to paging should support beam sweeping.
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Figure 2. Illustration of FDMed SS block and common CORESET
4.3 PDCCH monitoring in RRC CONNECTED mode

In the RRC CONNECTED mode, an UE can be configured to monitor additional CORESET(s) through RRC signalling. The UE monitors the GC-SS to receive GC-PDCCH, GC-DCI and RAR. The UE also monitors the USS to receive the UE-specific PDCCH and Msg.4. The TX-RX BPL(s) of an UE can be refined in the RRC CONNECTED mode. The beam refinement can be exploited for PDCCH to support more reliable performance. The beam related information can be configured to an UE through the CORESET configurations. Two alternatives providing the beam information for an UE to receive PDCCH properly are discussed as follows.

· Alt 1) Beam association in CORESET level

· In this case, one CORESET is associated to a RS resource. Therefore, the UE expects that the TX-RX BPL is the same for all PDCCH candidates within a CORESET.

· When the UE is configured to monitor multiple BPLs to against the blockage of BPL, the network can configure multiple CORESETs which associated to different RS resources for the UE. And the UE recognizes the TX-RX BPLs for each CORESET according to the BPL indication and the RS resource indication of CORESET configuration.

· There is no restriction for the contents of DCIs in different CORESETs. The DCI contents can be the same or different.

· Alt 2) Beam association in search space or PDCCH candidate levels

· In this case, a search space or a PDCCH candidate is associated to a RS resource. Therefore, the UE can use different TX-RX BPLs to blindly decode PDCCHs within a CORESET.

· When the UE is configured to monitor multiple BPLs, the gNB can transmit multiple PDCCHs with different analog beams in multiple search spaces or PDCCH candidates without configuring multiple CORESETs.

· The DCI contents for multiple BPLs can be the same or different.

Compared with the Alt 1, Alt 2 has following disadvantages.

· The RS resource indication in CORESET configuration is more complicated.

· Additional definition or configuration is needed when the UE is configured to monitor multiple BPLs. If multiple analog beams cannot be transmitted within a symbol, then the occupied symbols for multiple search spaces (or PDCCH candidates) associated to different RS resources may need to be defined in a CORESET because the PDCCH resource mapping is in a time-first manner.

Proposal #14: NR supports spatial QCL between additional CORESET and RS resource.

Proposal #15: An additional CORESET is associated to only a RS resource.
5 Conclusions

In this paper, we propose
Proposal #1: A common CORESET has one CSS and one USS.
Proposal #2: An additional CORESET can have both GC-SS and USS or only USS. Multiple USS can exist in one additional CORESET.

Proposal #3: In RRC CONNECTED mode, an UE doesn’t monitor the USS of the common CORESET.
Proposal #4: For the common CORESET, at least following parameters are configured.
· Frequency resource

· Time resource
· Timing duration, i.e., the length of a CORESET burst, of CORESET monitoring

Proposal #5: For the additional CORESET, at least following parameters are configured.
· Frequency resource

· Time resource

· Periodicity

· REG-to-CCE mapping

· Search space configurations

· REG bundle size

· DMRS configurations
· Beam information
Proposal #6: If the search space of an aggregation level exist in multiple CORESETs, CCE indices of PDCCH candidates in multiple CORESETs should be different.
Proposal #7: For the nested structure, the PDCCH candidates of the aggregation levels should not be placed outside the resources used for the candidates of the highest aggregation level.
Proposal #8: Distributed search space should be used for all aggregation levels.
Proposal #9: The maximum number of PDCCH blind decodes per slot per carrier is numerology specific.

· The value is fixed per slot per carrier for a given numerology.

Proposal #10: For carrier aggregation, the total number of blind decodes is UE capability. 

· Minimal requirement for the UE capability of blind decodes should be defined.
· Based on the UE capability, gNB can configure UE

· Number of PDCCH candidates per CCE aggregation level per DCI format size 

· Set of aggregation levels

· Set of DCI format sizes
Proposal #11: The maximum number of PDCCH blind decodes per slot per carrier is numerology specific. The value is given below

· 15 kHz SCS: the maximum number of blind decodes is 44

· 30 kHz SCS: the maximum number of blind decodes is 22

· 60 kHz SCS: the maximum number of blind decodes is 11
· 120 kHz SCS: the maximum number of blind decodes is 5
Proposal #12: The common CORESET comprising PDCCH related to SI should support beam sweeping.

Proposal #13: The common CORESET comprising PDCCH related to paging should support beam sweeping.
Proposal #14: NR supports spatial QCL between additional CORESET and RS resource.

Proposal #15: An additional CORESET is associated to only a RS resource.
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