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1 Introduction
The following were agreed in previous RAN1 meetings with respect to CORESET configuration and search space design [1, 2, 3].
Agreements:
· For PDCCH blind decoding, at least for the non-initial access, at least the following can be configured:

· Number of PDCCH candidates per CCE aggregation level, per DCI format size that the UE monitors

· Set of aggregation levels

· FFS explicit or implicit configuration

· Set of DCI format sizes

· FFS explicit or implicit configuration

· FFS: per CORESET not used for initial access or search space
· FFS: Signalling details
· Note that the number of candidates can be zero
· UE blind decoding capability is known by NW
· FFS: How the capability is derived
Agreements:
· For frequency location of CORESET for RMSI scheduling and NR-PDSCH for RMSI, 

· CORESET for RMSI scheduling and NR-PDSCH for RMSI does not have to be confined within the same BW of corresponding NR-PBCH
· Bandwidth for CORESET and NR-PDSCH for RMSI is confined within the UE minimum bandwidth for the given frequency band
Agreements:
· At least for initial access, RAR is carried in NR-PDSCH scheduled by NR-PDCCH in CORESET configured in RACH configuration
· Note: CORESET configured in RACH configuration can be same or different from CORESET configured in NR-PBCH
Agreement:
The QCL configuration for PDCCH contains the information which provides a reference to a TCI state

· Alt 1: The QCL configuration/indication is on a per CORESET basis
· The UE applies the QCL assumption on the associated CORESET monitoring occasions. All search space(s) within the CORESET utilize the same QCL.
· Alt 2: The QCL configuration/indication is on a per search space basis
· The UE applies the QCL assumption on an associated search space. This could mean that in the case where there are multiple search spaces within a CORESET, the UE may be configured with different QCL assumptions for different search spaces.
· Note: The indication of QCL configuration is done by RRC or RRC + MAC CE (FFS: by DCI)

Note: The above options are provided as input to the control channel agenda item discussion
This contribution continues discussions on CORESET configuration and search space design aspects. 

2 On CORESET configuration and search space design
2.1 Parameters for CORESET configuration
Configuration related to blind decodes

A UE is configured a number of PDCCH candidates per CCE aggregation level and per DCI format size that the UE monitors, and the set of DCI format sizes. As the configured number of PDCCH candidates per CCE aggregation level for a DCI format size can be zero, the set of CCE aggregation levels for the UE to monitor directly follows from a non-zero configuration for the number of candidates and an explicit configuration is not needed.

Observation 1: A configuration for a set of CCE aggregation levels for a UE to monitor PDCCH is not needed.

Regarding whether the configuration is per CORESET or per search space, per CORESET configuration is preferable because it allows a gNB to better control the distribution of PDCCH candidates and actual use of configured CORESETs. For example, for two configured CORESETs, the first CORESET can contain the majority of PDCCH candidates and can be always used when there is a PDCCH transmission while the second CORESET can be used on demand depending on whether or not the PDCCH transmissions can be supported in the first CORESET. This also allows for reduced blocking probability in the first CORESET due to a larger number of PDCCH candidates per CCE aggregation level. Additional RRC overhead is not a concern particularly as a number of CORESETs that a UE is configured is not expected to be large and as the configuration of PDCCH candidates per CCE aggregation level is only one of several configurations applicable for a CORESET.
Proposal 1: The configuration for the number of PDCCH candidates per CCE aggregation level and per DCI format size is per CORESET.

The above configuration aspects assume that a PDCCH decoding capability for a UE is known to the gNB and whether this is tied to the UE category or is separately informed by the UE to the gNB is FFS. One possible case where it can be beneficial for a UE to inform the gNB of its blind decoding capability is for CA or DC operation with a large total number of cells. In such cases, the UE PDCCH decoding capability is not expected to be a multiple of the number of cells times a maximum number of PDCCH decoding operations in case of single cell operation – a same situation was encountered in LTE eCA. Then, it can be beneficial for the overall network operation and for the UE operation for the gNB to know whether the UE can perform, for example, 80, 100, or 120 PDCCH decoding operations in order for the gNB to decide the distribution of the PDCCH decoding operations for scheduling in different cells or to different DCI format sizes. This can be a different UE capability than a number of DL cells a UE can support for CA/DC as this is related to data reception and there may not be a 1-to-1 correspondence between CA/DC capability and PDCCH decoding capability.      

Proposal 2: A UE informs a gNB of its PDCCH decoding capability separately from the UE category.

Configuration related to multi-beam operation
Different CORESETs can be associated with different beam-pair links. A single transmitter beam or transmission point applies per CORESET. As a UE needs to know a receiver beam to use for reception of PDCCHs in a CORESET, the reception beam should be part of a CORESET configuration. More details are discussed in the section 2.3.
Proposal 3: A CORESET configuration includes antenna port QCL.  

Proposal 4: A CORESET configuration includes a reception beam.  

Configuration of slot/non-slot based scheduling
DMRS position of PDSCH is determined by the PDSCH resource mapping type. For slot based scheduling, DMRS position is fixed on 3rd or 4th symbol of the slot (the exact value is configured). For non-slot based scheduling, the DMRS is located in the 1st symbol of the scheduled PDSCH (and can be the same symbol as for the PDCCH in case of DMRS sharing as symbol-based scheduling). Therefore, the gNB should inform the PDSCH resource mapping type to the UE and it can be configured by RRC signaling. Before, RRC connection, slot-based scheduling can be assumed as a default operation. The signaling for PDSCH resource mapping type can be included in the CORESET configuration parameters. For example, CORESET#0 can be configured by slot based scheduling and CORESET#1 can be configured by non-slot based scheduling. If a UE detects a scheduling DCI in CORESET#0, then the UE can assume that for the PDSCH scheduled by the DCI, slot-based scheduling is applied and DMRS is located on 3rd or 4th symbol of the slot. If a UE obtain a scheduling DCI in the CORESET#1, non-slot based scheduling can be assumed for the PDSCH scheduled by the DCI. The CORESETs can fully overlap and it is then up to the gNB which CORESET to utilize.
Proposal 5: A CORESET configuration includes PDSCH resource mapping type, i.e., whether slot or non-slot based scheduling is used.  

2.2 CORESET for CSS configuration aspects
CORESET configuration before RRC connection
A CORESET for RMSI scheduling, (i.e., a CORESET for CSS where a DCI format scrambled by SI-RNTI can be monitored by a UE) can be configured by MIB. At least frequency resources, time resources, and periodicity for the RMSI CORESET can be included in MIB (more details are described in [2]). To avoid unnecessary additional CORESET configuration, the CORESET for RMSI scheduling can be reused for OSI scheduling. Then, as in LTE, the monitoring periodicity of OSI can be configured by RMSI. 

In the same manner, it would be desirable to share the CORESET for RMSI scheduling for paging reception. The monitoring periodicity for DCI format scrambled by P-RNTI can be configured paging configuration in RMSI. 

It was agreed that a CORESET for RAR scheduling (i.e., a CORESET for CSS where a DCI format scrambled by RA-RNTI can be monitored by a UE) can be configured in RACH configuration, i.e. by RMSI. Details of configuration are still open. It was also noted that the CORESET for RAR scheduling and the CORESET for RMSI scheduling can be same or different. Whether or not to use same/different CORESET is just up to the gNB. If there are enough time/frequency resources, the gNB can configure different CORESETs for RAR and RMSI to avoid potential congestions and to achieve flexibility in CORESET configuration, otherwise, the gNB can configure a same CORESET. 
Proposal 6: At least, a CORESET for RMSI scheduling is reused for OSI scheduling.
CORESET configuration after RRC connection

After RRC connection setup, the gNB can configure UE-specific BWPs to the UE by higher layer signaling. In a companion contribution [3], a default BWP is considered for the purpose of fall back operation and load balancing. The CORESET for CSS can be configured in this default BWP. Which type of CSS is needed to be re-configured (since CSS CORESET is already configured during initial access) in this default BWP should be carefully studied (e.g. minimization of frequent BWP retuning). So far, only single BWP activation is supported. Therefore, the default BWP is not always activated in contrast with the PCell. Then if a UE is to monitor CSS and the current activated BWP is not the default BWP, then the UE has to switch BWP to the default BWP. 


A CORESET for CSS for group common DCI (at least for pre-emption indication since the exact group common PDCCH for SFI is still under discussion) can be configured in the default BWP or in the activated BWP.
Observation 2: Consider whether or not a default BWP is needed for monitoring DCI with SI-RNTI, RA-RNTI, P-RNTI, or UE-group common DCI.
2.3 Multi-beam operation for PDCCH
Figure 1 shows three alternatives for multi-beam operation of a UE-specific PDCCH. In Figure 1, it is assumed that the UE operates by default on Beam #1 for UE-specific CORESET#1 monitoring in case of single-beam operation. For various purposes, the gNB can configure multi-beam operation to the UE, assigning additional beam (Beam #2). 
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Figure 1. Alternatives of CORESET configuration for multi-beam operation
In Alt1, the original CORESET is copied in time-domain to have the additional beam pair link. In other words, Alt 1 can be regarded as repeated transmission of the same DCI over the multiple beam pair links like as beam sweeping. If N beam pair links are used for PDCCH transmission, the UE can assume that there would be N repeated transmission for the PDCCH. Therefore, gNB would need simple configuration to inform UE the number of repetitions. Note that in one implementation, such repeated CORESETs could be treated by time-domain combining without increasing the number of blind detection. Alt 1 is suitable to achieve robustness against beam blockage.
In Alt 2, the gNB can configure a CORESET for each beam pair link. In Figure 4, CORESET#2 is configured to the UE for Beam#2 link monitoring and the UE can be configured to decode PDCCHs in both CORESETs. Alt.2 can reflect the general operation for PDCCH monitoring where a UE can be configured multiple CORESETs at respective time-frequency resources and corresponding monitoring periods. If Alt 2 is used for robustness of PDCCH reception, then same DCI can be transmitted via different CORESETs using different beam pair links. On the other hand, if Alt 2 is used for receptions for DCIs from multiple TRPs, different DCIs can be transmitted for each beam pair links.

In Alt 3, a single CORESET is configured which is transmitted over multiple symbols applying the multiple beam pair links. For this, it should be supported to configure dedicated search space for each beam pair link, i.e., beam-specific search space. To support Alt 3, frequency-first mapping of REG-to-CCE mapping is required.

Alt. 1 and Alt. 2 offer specification and complexity advantages over Alt. 3. On the other hand, Alt 2 and Alt 3 have more flexibility in transmitting DCIs via the configured CORESET(s) for each beam pair link as Alt 1 requires transmission of same DCI for multi beam pair links, while Alt 2 and Alt 3 allow for different DCIs to be transmitted for each beam pair link, if needed. Also, Alt 1 and Alt 2 can offer better flexibility in configuring monitoring occasion for each beam pair link over Alt 3. To efficiently manage overhead caused by multi-beam transmission, different monitoring periodicity can apply for different beam pair links in Alt 1 and Alt 2. However, in Alt 3, it is impossible to configure different monitoring periodicity for each beam pair link since there is a single CORESET over multiple beams.

Based on the above observations, Alt 1 would be the best choice to achieve robustness in PDCCH reception due to its simplicity. In addition, Alt 2 is the best way to support multiple DCI reception from different TRPs using different beams because of its flexibility. To support Alt 1 and/or Alt 2, the QCL configuration/indication should be on a per CORESET basis. Furthermore, the gNB can explicitly configure whether same DCIs are transmitted over multiple CORESETS or not by higher layer signalling. Alternatively, a UE can be informed implicitly from the QCL information for DMRS of each CORESET.

Observation 3: Same DCI can be transmitted for each beam pair link to achieve robustness against beam blocking and different DCIs can be transmitted for each beam link to receive them from different TRPs.

Proposal 7: The QCL configuration/indication should be on a per CORESET basis.
Proposal 8: Whether same or different DCI is transmitted over different CORESETs is informed to the UE (explicitly or implicitly).
2.4 Search space design

Search space parameters
A search space is defined by a set of PDCCH candidates and a PDCCH candidate is composed of L CCEs at aggregation level L. In LTE EPDCCH, the ECCEs corresponding to EPDCCH candidate m of the search space at aggregation level L are given by 
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Descriptions for parameters determining search space in LTE EPDCCH are summarized in Table 1 as below. 

Table 1. LTE EPDCCH search space parameters
	Parameters
	Value
	Roles

	Yp,k
	Yp,k = 0 for CSS, 
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 where ns is the slot number
	Yp,k decides the starting ECCE index for a search space at a given aggregation level. 

The starting ECCE index is variable depending on the RNTI and slot index. In other words, search spaces for each UE are randomized based on the RNTI and slot index.

	m’
	
[image: image6.wmf]1

,

1

,

0

)

(

-

=

L

p

M

m

K



[image: image7.wmf])

(

L

p

M

is the number of EPDCCH candidates.
	m corresponds to the EPDCCH candidate index.

m corresponds to a shifting value from the starting ECCE index of a EPDCCH candidate for a search space at a given aggregation level.
m decides the lowest ECCE index of a EPDCCH candidate. 

	b
	b = nCI  is the carrier indicator field value
	b = nCI if the UE is configured with a carrier indicator field for serving cell on which EPDCCH is monitored, otherwise b=0.

	NECCE,p,k
	The total number of ECCEs in EPDCCH-PRB-set of subframe k
	Total number of ECCEs decides the possible number of EPDCCH candidates. 

	i
	
[image: image8.wmf]0,,1

iL

=-

L


	Consecutive L ECCEs compose a EPDCCH candidate for a given aggregation level

	L
	Aggregation level
	L={1,2,4,8,16,32} is supported in LTE EPDCCH. 


The LTE EPDCCH search space can be a good starting point to design search space for NR PDCCH, i.e., most of parameters above can be reused for both interleaved PDCCH and non-interleaved PDCCH. 

An additional consideration in NR is the configurability of the number of PDCCH candidates per CCE aggregation level. According to the supported CCE aggregation levels and the number of PDCCH candidates, the optimal search space equation can be different if a nested search space structure is to be supported. 

A similar principle for initializing Yk (which decides the starting CCE index for a search space at a given aggregation level) can also apply in NR at least for Phase 1. In LTE, Yk is calculated from the combination of UE-ID (such as C-RNTI) and subframe index for USS. RNTI has a role to designate specific locations of search space to a UE and randomize blocking probability in a subframe. The subframe index makes a USS location vary per subframe and this enables avoiding blocking among same UEs in consecutive subframes. Both of these LTE USS properties offer desirable functionalities and should be maintained in the design of USS in NR. Locations of LTE CSS PDCCH candidates can be predefined and this provides desired functionalities of having commonality among UEs and prioritizing CSS PDCCH over USS PDCCH. The LTE CSS properties should also be maintained in the design of CSS in NR. 
Observation 4: Configurability of some CORESET parameters may need to be considered in search space design. 

Proposal 9: USS is defined as a function of at least UE-ID and slot index. CSS locations are predetermined.

Consideration on nested structure

There is a trade-off between channel estimation re-use and blocking probability for nested search space structure. Figure 2 shows some examples of nested search space structures. For Alt. 1, the search spaces corresponding aggregation levels are fully overlapped, while, for Alt. 2, the search spaces corresponding aggregation levels are partially overlapped. Alt 1 can maximize the channel estimation re-use but has higher blocking probability and low flexibility in search space configuration. On the other hand, Alt 2 can reduce blocking probability at the expense of loss in channel estimation re-use. How much UE power consumption/processing time can be saved by nested structure is still FFS and can depend on many factors such as the distribution of candidates per CCE aggregation levels, the number of CORESETs, etc.. Nevertheless, any power savings are unlikely to be material and will be offset to some extent or completely by the increased blocking probability. It is noted that measures to decrease the blocking probability relative to the LTE PDCCH/EPDCCH search space can apply in general and are not particular to a nested search space. 
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Alt. 1. Fully nested search space structure
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Alt. 2. Partially nested search space structure

Figure 3. Examples of nested search space structure
For non-interleaved PDCCH, the nested structure can reduce the scheduling flexibility. In order to maximize the scheduling opportunities for CCEs with good SINR/PMI for non-interleaved PDCCH, it is required that candidates are distributed in the CORESET BW (e.g. as for the EPDCCH) and a nested search space is then inapplicable/detrimental. Further, for non-interleaved PDCCH, because of the typically expected high SINR at least for some candidates, it is unlikely to have many candidates with large CCE aggregation levels and then any perceived benefit of a nested search space structure does not exist.
Proposal 10: LTE EPDCCH search space design is baseline for NR and modifications to reduce the blocking probability can be considered. Whether to also support a ‘nested’ search space is FFS and may be applicable only to interleaved PDCCH. 
3 Conclusion

This contribution discussed the aspects related on CORESET configuration, multi-beam operation, and search space design based on the agreement in the previous RAN1 meeting. Following proposals were made as below.
Proposal 1: The configuration for the number of PDCCH candidates per CCE aggregation level and per DCI format size is per CORESET.

Proposal 2: A UE informs a gNB of its PDCCH decoding capability separately from the UE category.

Proposal 3: A CORESET configuration includes antenna port QCL.  

Proposal 4: A CORESET configuration includes a reception beam.  

Proposal 5: A CORESET configuration includes PDSCH resource mapping type, i.e., whether slot or non-slot based scheduling is used.  

Proposal 6: At least, a CORESET for RMSI scheduling is reused for OSI scheduling.
Proposal 7: A CORESET configuration includes an associated QCL reference for the DM-RS on the CORESET.
Proposal 8: Whether same or different DCI is transmitted over different CORESETs is informed to the UE (explicitly or implicitly).
Proposal 9: USS is defined as a function of at least UE-ID and slot index. CSS locations are predetermined.

Proposal 10: LTE EPDCCH search space design is baseline for NR and modifications to reduce the blocking probability can be considered. Whether to also support a ‘nested’ search space is FFS and may be applicable only to interleaved PDCCH. 
Also, following observations were captured.
Observation 1: A configuration for a set of CCE aggregation levels for a UE to monitor PDCCH is not needed.
Observation 2: Consider whether or not a default BWP is needed for monitoring DCI with SI-RNTI, RA-RNTI, P-RNTI, or UE-group common DCI.
Observation 3: Same DCI can be transmitted for each beam pair link to achieve robustness against beam blocking and different DCIs can be transmitted for each beam link to receive them from different TRPs.

Observation 4: Configurability of some CORESET parameters may need to be considered in search space design. 
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