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Introduction
In this contribution, we discuss configuration of CORESETs and search spaces within which the UE searches for NR-PDCCH candidates.
Discussion
CORESET configuration
Regarding the configuration of CORESET the following was agreed at RAN1#88 [1]
Agreements:
· Multiple control resource sets can be overlapped in frequency and time for a UE.
· A search space in NR is associated with a single control resource set
· The search spaces in different control resources sets are defined independently.
· The max number of BD candidates for a UE is defined independently of the number of control resource sets and the number of search spaces.
In RAN1#89, the following was agreed [2].
Agreements:
· In time domain, a CORESET can be configured with one or a set of contiguous OFDM symbols
·  The configuration can indicate the starting OFDM symbol and time duration
· A CORESET is configured with only one CCE-to-REG mapping

The following was agreed in RAN1 AdHoc #2 [3].
Agreements:
· For a CORESET which is configured by UE-specific higher-layer signalling, at least following are configured.
· Frequency-domain resources, which may or may not be contiguous
· Each contiguous part of a CORESET is equal to or more than the size of REG-bundle in frequency
· FFS: exact size and number of contiguous parts for a CORESET
· Starting OFDM symbol
· Time duration
· REG bundle size if the configuration is explicit
· Transmission type (i.e., interleaved or non-interleaved)
· More parameters may be added if agreed
· For a CORESET which is configured by UE-specific higher-layer signalling, at least following is configured.
· Monitoring periodicity
· FFS: it is a configuration per CORESET or per one or a set of PDCCH candidates
· FFS: relation with DRX
· FFS: default/fallback value

The following was agreed in RAN1#90 [4]:
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:
· Working assumptions are confirmed with the following details.
· For 1/2/3-symbol CORESET, REG bundle size of 6 is supported.
· A REG bundle size is as part of CORESET configuration for a CORESET configured by UE-specific higher-layer signalling.
· FFS: CORESET(s) configured by non UE-specific signaling.
· UE assumes that precoder granularity in frequency domain is equal to the REG bundle size in the frequency domain
· FFS: gNB can inform to the UE whether or not to assume the same precoder over multiple REG bundles.
· Note: more than one CORESET(s) with the UE-specific higher-layer signaling can be configured for the same UE

Agreements:
· Interleaving operates on REG bundles
· FFS: interleaving in the case if and when gNB informs to the UE to assume the same precoder over multiple REG bundles

Agreements:
· For interleaving CORESET, the interleaving pattern is derived by the CORESET configuration and is not dependent on other CORESET configuration.
· Note: 
· Following metrics can be considered
· Good frequency distribution of REG bundles within the CORESET
· Blocking probability for potential overlapped CORESET(s)
· Inter-cell/inter-TRP interference randomization

Agreements:
· The CORESET used to schedule the PDSCH containing the RMSI can be configured to contain also UE-specific PDCCH(s)

The following was agreed in RAN1 NR#3 [8]:
Agreements:
· At least two DCI sizes are defined.
· One DCI size, which is at least for the purpose of fallback.
· FFS: for other purposes.
· One DCI size depending on configuration
· FFS: whether both DL and UL have the same size or different.
· FFS: for group-common DCI/PDCCH
· Note: the UE is not necessarily required to monitor two DCI sizes at the same monitoring occasion

Common CORESET Carrying RMSI
After initial access is performed, the UE needs to be configured a control resource set (CORESET). However this configuration cannot be done in NR-PBCH because of its limited in capacity. Therefore, as agreed a CORESET is used to schedule the PDSCH containing the remaining system information (RMSI). This CORESET must be signaled with very minimal signaling to the UE, and furthermore, this control set should at least support a common search space.
Observation: At least a common search space must be supported in a control resource set that is signaled to the UE during initial access procedures.
We note that minimal signaling using only 3 bits may need to be used during initial access procedures in order to provide flexibility of assigning the control resource set in relation to the location of the sync sequence on the carrier which may not always be in the center. The control resource set carrying the common search space may be located in the same OFDM symbols as the SS block or it may be located in some other OFDM symbols depending on the particulars of the deployment. The location of this CORESET can be in the same OFDM symbols as the SS block if the minimum bandwidth defined for a particular frequency band exceeds the SS block bandwidth for that band. The location of this CORESET could be in a different OFDM symbol if the minimum carrier bandwidth for the band is the same as the SS block bandwidth. 
The deployment may or may not require beam sweeping of the RMSI depending on the deployment. This may also influence the location of the CORESET carrying the common search space used to schedule the PDSCH carrying the RMSI. 
Another aspect to consider is the aggregation level to be used for the message. Since a primary function of this CORESET is to carry the RMSI, adequate coverage for this CORESET is needed. Therefore, a high aggregation level of 8 should be used. Considering the number of PRBs for the SS-block and the CCE size of 6, a DCI message transmitted at aggregation level 8 would occupy 2 OFDM symbols in a CORESET that has the same number of PRBs as the SS-block.
Considering these factors some of which are also discussed in [7], the three bits can only be used to choose between four options corresponding to choices for a set of a few parameters. Other parameters can be fixed to specific values. The following is an example for signaling the location of the CORESET carrying the common search space used to deliver the RMSI and other potential common control messages.

	Bit field in NR-PBCH
	CORESET Configuration

	000
	CORESET BW = 24 PRBs; CORESET spans 2 OFDM symbols starting in OFDM symbol after SS block and in the same PRBs occupied by the SS block

	001
	CORESET BW = 24 PRBs; CORESET spans 2 OFDM symbols starting in first OFDM symbol of the same slot and in the same PRBs occupied by the SS block

	010
	CORESET BW = 24 PRBs; CORESET spans 2 OFDM symbols starting in same OFDM symbol as PSS and with equal number of PRBs immediately below and above the SS block in frequency

	011
	CORESET BW = 48 PRBs; CORESET spans 1 OFDM symbol starting in OFDM symbol after SS block and with the center of the CORESET BW aligned with the center of the SS block

	100
	CORESET BW = 48 PRBs; CORESET spans 1 OFDM symbol starting in first OFDM symbol of the same slot and with the center of the CORESET BW aligned with the center of the SS block

	101
	CORESET BW = 48 PRBs; CORESET spans 1 OFDM symbol starting in same OFDM symbol as PSS and with equal number of PRBs immediately below and above the PSS in frequency

	110
	CORESET BW = 24 PRBs; CORESET spans 3 OFDM symbols starting in first OFDM symbol of the same slot and I nthe same PRBs occupied by the SS block

	111
	NULL (No CORESET configuration or RMSI transmission)



Remaining parameters of the CORESET could be set to specific values. Considering that the common search space will need to be used for messages intended for multiple UEs, it would make sense for this control resource to use an interleaved transmission type although the interleaving happens within the restricted bandwidth signaled according to the 3 bit field discussed above. The specifics of the interleaving can be implicitly defined based on the dimensions of the CORESET and the REG bundle size. The REG bundles size can be 2 OFDM symbols since this is enough to accommodate an aggregation level of 8 with a CORESET bandwidth that is the same as the bandwidth of the SS block and even if a level of 16 is to be considered, this can be achieved with double this bandwidth. 

Proposal: Use three bits in the NR-PBCH to indicate the resources used for the CORESET carrying a common search space which can be used to schedule the PDSCH containing the RMSI. The indication in the NR-PBCH can be used to select the following parameters
· Starting symbol
· Number of PRBs
· Location of the PRBs in time and frequency
· Duration

Proposal: The following parameter settings should be used for the CORESET carrying a common search space which can be used to schedule the PDSCH containing the RMSI.
· REG bundle size = 2
· Transmission type = interleaved
Search Space and Blind Decoding Design
Regarding search space and blind decoding the following agreements were made.
Agreements[5]:
· The time/freq. resource containing at least one search space is obtained from MIB/system information/implicitly derived from initial access information
· Time/freq. resource containing additional search spaces, can be configured using dedicated RRC signaling
· Other solution is not precluded

Agreements[6]:
· Each candidate of NR DL Control channel search space is composed by K NR-CCE(s)
· A NR-CCE is defined in fixed number of REGs
· FFS: Different REGs can be in the same or different symbols depending on REG to NR-CCE mapping
· FFS: NR-CCE includes the REs assumed for UE-specific DMRS to demodulate that NR-CCE
· FFS: REG to NR-CCE mapping within a control resource set is frequency first, time first or gNB configurable
· FFS: Down selection of REG to NR-CCE mapping
· E.g. K can be 1, 2, 4, or 8, etc

Agreements[1]:

· Multiple control resource sets can be overlapped in frequency and time for a UE.
· A search space in NR is associated with a single control resource set
· The search spaces in different control resources sets are defined independently.
· The max number of BD candidates for a UE is defined independently of the number of control resource sets and the number of search spaces.
Agreements [3]:
· 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 [4]:
· 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

Agreements [8]:
· At least two DCI sizes are defined.
· One DCI size, which is at least for the purpose of fallback.
· FFS: for other purposes.
· One DCI size depending on configuration
· FFS: whether both DL and UL have the same size or different.
· FFS: for group-common DCI/PDCCH
· Note: the UE is not necessarily required to monitor two DCI sizes at the same monitoring occasion
· In a given CORESET
· Alt 1: different DCI formats
· Alt 2: different search spaces
      can have different monitoring periodicities.
· FFS which one

As in LTE, PDCCH candidates at each aggregation level can be part of a separate search space. This is simpler than trying to handle multiple aggregation levels within a single search space. It is beneficial for NR to adopt this approach as well. This also implies that a single CORESET should be capable of supporting multiple search spaces. We interpret the agreement from RAN1#90, i.e.  “A PDCCH search space at an aggregation level in a CORESET is defined by a set of PDCCH candidates” as meaning that each search space only contains PDCCH candidates of a single aggregation level. However to clarify that this is the common understanding we propose the following.
Proposal: 
· Each search space only contains PDCCH candidates of a single aggregation level.
· A CORESET can contain multiple search spaces.

The aggregation level of a downlink control channel indicates the amount of physical resources spent on transmitting the coded DCI, i.e. different aggregation levels can be used to vary the code rate and support link adaptation of the control channel. To blindly detect the aggregation level, which includes obtaining a channel estimate using the DM-RS associated with a particular control channel candidate, it is preferable if there is some form of hierarchical structure of the control channels as shown at the top of Figure 1. This way, the channel estimate for aggregation level 2n can be obtained from the channel estimated for the two underlying control channel candidates for aggregation level n, thereby possibly simplifying the UE implementation. That is in-line with the agreement already made as follows:
· For one UE, the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space (common or UE-specific).


[image: ]
[bookmark: _Ref465772198]Figure 1: Hierarchical structure of aggregation levels (top), random structure of aggregation levels (bottom).

At the same time concerns have been raised about the possibility that a PDCCH for one UE at a high aggregation level may block all PDCCH candidates at all aggregation levels for another UE. This could be a problem if the REGs containing search spaces for both UEs at all aggregation levels fully or largely overlap. In LTE, this kind of hierarchical structure is not imposed and a more random structure as shown in the bottom of the figure is used. Therefore, there is a lower probability of this kind of blocking occurring.
It is clear that blocking probability depends on many factors including the number of UEs in the cell, the size of the control resource sets, the need for higher aggregation levels and so on. Hence, it is useful for there to be some flexibility in the way search spaces for multiple aggregation levels are defined so that a hierarchical structure can be used where blocking is not expected to be a problem, but a more random structure like used in LTE can be employed otherwise. It is also possible for a given design of search spaces to have a more hierarchical structure or not depending on the size of the control resource set.
In any case, whenever a REG is used across multiple PDCCH candidates, the channel estimate can be reused and the design should allow for this as already agreed.
In the agreed PDCCH structure, a CCE can be distributed across the CORESET depending on the particular interleaver defined for the CORESET. An interleaver is proposed in [7]. Search spaces can simply be defined as in LTE on the set of CCEs that belong to the search space, with the CCEs corresponding to PDCCH candidate m of the search space [image: ] being given by 
[image: ]
where the definitions of the various parameters are defined as for LTE for the PDCCH. In general principle of following the same approach as in LTE with the set of CCEs defined in a CORESET is a reasonable way to define the PDCCH candidates that the UE must perform blind decoding on.  
The blind decoding rule can ensure some degree of randomization of the search space resources for different UEs to reduce blocking and interference. It is beneficial for the randomization to not include physical cell IDs to allow maximum flexibility for seamless operation in a variety of deployments. Virtual cell IDs could be used instead to maximize flexibility. Furthermore, it is beneficial not to base the randomization on slot numbers but rather rely on UE IDs to reduce the probability of static blocking and interference patterns. The use of slot numbers creates significant implementation complexities for operation in unlicensed spectrum where the time at which the channel may be available is not known. Without the dependence of the randomization on slot numbers, a transmission can be prepared and transmitted at a different slot without having to prepare the transmission again. 
If the number of blind decodes per aggregation level and DCI format needs to be configured, this can be done per search space in the CORESET as part of the CORESET configuration.
For reception of the PDCCH scheduling information during initial access such as the RMSI or RAR, specific PDCCH candidates can be defined in the specification.
Based on the above discussion, we propose the following:
Proposal:
· Search spaces are defined on the set of CCEs in the CORESET, with the CCEs corresponding to PDCCH candidate m’ of the search space [image: ] being given by 
[image: ],
where L is the aggregation level, [image: ], [image: ] is the total number of CCEs in CORESET [image: ].
· The number of blind decodes candidates for each search space at each aggregation level and DCI format can be configured per CORESET as part of the CORESET configuration.
· The automatic rule determining blind decode candidates should not use the cell ID for randomization of the CCEs used for candidates for different UEs.
· Specific PDCCH candidates can be defined in the specification for receiving the RMSI and RAR

It was agreed at the last meeting that in a given CORESET, the monitoring periodicity can be configured either one per different DCI formats or one per different search space.  However, it is not clear why monitoring periodicities should not be dependent on both search spaces and on DCI formats. There may be a benefit to allowing the system to configure a particular monitoring periodicity for a particular DCI format size in one set of PDCCH candidates forming a search space independently from the periodicity for another DCI format size. Another aspect that was left for further study was the default monitoring periodicity. In order to enable the lowest latency for any UE, this should be clearly, every occurrence of that CORESET, i.e., in every slot. We therefore propose the following.
Proposal: The monitoring periodicity for a DCI format size can be configured to a UE per search space at an aggregation level and per DCI format size. 

Common Framework that Includes Mini-Slots
The configuration of CORESETs, PDCCH candidates to monitor within the CORESETs for each search space at each aggregation level, the DCI formats to monitor in those candidates, and the associated monitoring periodicities all can be handled in a common framework both for so-called slot based and non-slot based scheduling. In fact, there is no reason to separate out these two modes of operation. With the flexibility to configure the number of blind decodes to use for each DCI format in a search space in a CORESET, and the flexibility to configure CORESETs not just in the beginning of slots but also in other parts of the slot, both full slots and mini-slots can be handled in a similar way. For instance, the configuration of blind decodes and monitoring periodicities can be done by the gNB so that the total number of blind decodes within a slot never exceeds the maximum capability of the UE. Furthermore, where the DMRS for the PDSCH occurs for mini-slots or for slots could either be implicitly indicated by using DCI formats, or by the location of the CORESET within the slot, or even as part of the configuration of PDCCH candidates within a CORESET. It should also be noted that many aspects of mini-slots have already been addressed by the agreements and captured in the draft specifications. 
Conclusion
We discussed the configuration of control resource sets and search spaces and made the following proposals.
Proposal: Use three bits in the NR-PBCH to indicate the resources used for the CORESET carrying a common search space which can be used to schedule the PDSCH containing the RMSI. The indication in the NR-PBCH can be used to select the following parameters
· Starting symbol
· Number of PRBs
· Location of the PRBs in time and frequency
· Duration

Proposal: The following parameter settings should be used for the CORESET carrying a common search space which can be used to schedule the PDSCH containing the RMSI.
· REG bundle size = 2
· Transmission type = interleaved

Proposal: 
· Each search space only contains PDCCH candidates of a single aggregation level.
· A CORESET can contain multiple search spaces.

Proposal:
· Search spaces are defined on the set of CCEs in the CORESET, with the CCEs corresponding to PDCCH candidate m’ of the search space [image: ] being given by 
[image: ],
where L is the aggregation level, [image: ], [image: ] is the total number of CCEs in CORESET [image: ].
· The number of blind decodes candidates for each search space at each aggregation level and DCI format can be configured per CORESET as part of the CORESET configuration.
· The automatic rule determining blind decode candidates should not use the cell ID for randomization of the CCEs used for candidates for different UEs.
· Specific PDCCH candidates can be defined in the specification for receiving the RMSI and RAR

Proposal: The monitoring periodicity for a DCI format size can be configured to a UE per search space at an aggregation level and per DCI format size. 
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