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Introduction
In RAN1 meeting #90 [1] Ad-Hoc Meeting #3 [2], there were following agreements regarding CORESET configuration and search space design:

Working assumption:
· Re-use NR DL RA Type 0 basis in units of 6 RBs, where no restriction on the maximum number of segments for a given CORESET.

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:
· 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:
· 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

In this document, we discuss our views on issues related to search space design and CORESET configuration, the issue of frequency resource configuration of CORESETs (previously addressed in working assumptions) as well as overlapping CORESETs.

Search space design
In LTE advanced, a hashing function was used to indicate the starting position of the PDCCH candidates of a UE, depending on the RNTI of the UE and the aggregation level of the PDCCH candidate. In NR, to facilitate the re-use of channel estimation for PDCCH blind detection of several candidates, using hierarchical (also known as “nested”) or semi-hierarchical UE-specific search space is desirable. In this section, we discuss some methods for designing hierarchical or semi-hierarchical UE-specific search spaces and their corresponding hashing function and mapping methods.
2.1 CCE Mappings for two-stage nested search space design
One approach for designing hierarchical (or nested) search spaces is to locate the candidates with highest aggregation level first and then locate the candidates with lower aggregation inside the region spanned by them. In this approach, a hashing function (hashing function #1) indicates the indices of the first CCEs of the PDCCH candidates with the highest aggregation level that are assigned to the search space of a UE (CCEs of a candidate have consecutive indices beginning from a starting index). Then, the CCEs that are covered by those candidates are enumerated with consecutive virtual indices and then a second hashing function (hashing function #2) is used to locate the virtual indices of the first CCEs of the PDCCH candidates, for other aggregation levels. An example of two-stage nested search space design with virtual indices is shown in Figure 1. In this example, a CORESET with size of 32 CCEs and a search space that includes two candidates with highest aggregation level of 8 have been considered. 
The hashing functions which indicate the starting indices of candidates for a UE could be a function of the number of CCEs (which is equivalent to the CORESET size), RNTI, Cell ID and Aggregation level.
It should be note that while hashing function #1 works on the entire CORESET, hashing function #2 only works on a smaller sub-region that is covered with the candidates with highest aggregation level and its corresponding effective CORESET size is the number of CCEs in that sub-region (for example, the effective CORESET size for hashing function #2 is 16 in the example in figure 1).  
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[bookmark: _Ref494715821]Figure 1. Two-stage search space design with the use of virtual indices for lower aggregation levels.

2.2 Semi-nested search space design
While nested search spaces are useful in reducing the channel estimation overhead, they may result in higher blocking probability. To reduce the effect of this drawback, one solution is to have two-stage search space design with the first stage done for the k highest aggregation levels. Figure 2 shows an example of this method when k=2 and the 2 highest aggregation levels are 8 and 4. In this case, the sub-region that is used for locating candidates with lower aggregation levels is the region that is covered by candidates with the two highest aggregation level (i.e. the set of CCEs that are included in at least one of the candidates with the two highest aggregation level). 
Figure 3 compares the blocking probability for three different cases of search space design: non-nested (using EPDCCH hashing function), semi-nested (i.e. k=2), and fully nested (k=1). As can be seen from this figure, the increase of blocking probability for the semi-nested design compared to EPDCCH search space design is relatively small, unlike the fully-nested design.
For Figure 3, it is assumed that the number of candidates with aggregation levels of 1, 2, 4, and 8 is 6, 6, 2, and 2, respectively, similar to LTE. Also, it is assumed that their corresponding probability distribution is 60%, 20%, 15%, and 5%, respectively.
Proposal 1: NR should support at least the case that the candidates of the two highest aggregation level are chosen without nested restriction.
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[bookmark: _Ref494716139]Figure 2. Example of two-stage search space design where the first stage is done for the two highest aggregation levels (8 and 4 in this example). PDCCH candidates with lower aggregation levels are selected by a hashing function pointing to the virtual CCE indices in the sub-region that is covered by the candidates with the two highest aggregation level.
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[bookmark: _Ref494716326]Figure 3. Comparison of blocking probability for three different cases of search space design: non-nested (using EPDCCH hashing function), semi-nested (i.e. k=2), and nested (k=1).
In general, there is a trade-off between reducing the blocking probability and reducing the channel estimation overhead: smaller k (more nested) results in higher blocking probability and lower channel estimation overhead (as shown in Figure 3). Therefore, one solution to achieve flexibility in this tradeoff is to have configurable k. In this solution, the value of k may be selected from a set of possibilities (e.g. {1,2}) and the selection is included in the CORESET configuration. For example, one bit in the CORESET configuration may indicate whether the corresponding search spaces are constructed by k=1, or k=2. 
Proposal 2: NR should support two different levels of nestedness in search space design, configurable by CORESET configuration.

Remaining issues on CORESET Configuration 
3.1 CORESET configured by PBCH
We believe that the CORESET information carried by PBCH should at least enable the UE to receive the group-common PDCCH for a given numerology. In case there are multiple CORESETs configured by PBCH, at least one of the CORESETs should be configured to carry the group-common PDCCH. However, it should be noted that the UE may still receive the UE-specific and common DCIs in PDCCH carrying a DL assignment (or an UL grant) on the group-common search space (based on the agreement). 
As for the time/frequency resource configuration of CORESET carried on PBCH, based on the above assumption, there is no need to indicate the starting OFDM symbol as part of the PBCH payload given that the group common PDCCH should be transmitted on the first OFDM symbol of a slot. This approach enables the UE to receive the slot format information (SFI) as early as possible in the slot. Moreover, this could potentially free up [1-2] bits in the MIB depending on the system bandwidth which can be used for transmitting other essential information on PBCH. In fact, in case the time duration of 3 OFDM symbols is assumed for control channel transmission similar to the legacy systems, up to 2 bits are needed to indicate the starting OFDM symbol of a CORESET. 
Proposal 3: The UE should assume that the CORESET configured by PBCH starts from the first OFDM symbol in the slot.
As for the time duration of the CORESET configured by PBCH, one option is for the UE to assume a fixed length of 1 OFDM symbol. In fact, for the group-common PDCCH, there is no need to configure a CORESET with a larger duration given that unlike the UE-specific PDCCH, the control channel capacity is not a bottleneck. This option could potentially free up an additional [1-2] bits in MIB, depending on the time-duration of a CORESET.
Proposal 4: The UE should assume that the time duration of the CORESET configured by PBCH is one OFDM symbol regardless of the carrier bandwidth. 
As for CCE-to-REG mapping, given that a CORESET can be configured with only one CCE-to-REG mapping, the UE may assume an interleaved REG-to-CCE mapping for CORESET(s) configured by PBCH. In other words, first the REGs for a given CCE are grouped to form a REG bundle and then REG bundles are interleaved in the CORESET configured by PBCH. However, the REG bundle size for CORESET(s) configured by PBCH should be small in order to maximize the frequency diversity gain for the group-common PDCCH. Noting that it was recently agreed that for a 1-symbol CORESET with interleaving, REG bundle size = {2,6} is supported. The smallest REG bundle size among these two numbers would be 2.
Proposal 5: The UE should assume an interleaved REG-to-CCE mapping for the CORESET configured by PBCH.
Proposal 6: The UE should assume the REG bundle size for the CORESET configured by PBCH is equal to 2.
Following the above design principles, the UE may assume that the CORESET information carried by PBCH is only limited to the frequency resource configuration. However, the information related to the numerology of RMSI need to be included in the Master Information Block (MIB) in order to limit the monitoring for group-common PDCCH carrying slot format related information (SFI) in a slot. We should also note that the CORESET(s) other than those configured by PBCH which carry UE-specific search space can be configured semi-statically and their information can be received by the UE through the system information.

3.2 Frequency resources configuration of CORESETs  
Configuration of the CORESET should indicate the allocated resource blocks (RBs). For efficient usage of the control resources, the number of RBs inside a CORESET should be such that the total number of REGs is a multiple of the number of REGs in a CCE. This implies given that each CCE has 6 REGs, for a CORESET spanning two symbols, then the number of RBs in the CORESET should be a multiple of 6/2=3. It also implies that for a CORESET spanning three OFDM symbol, the number of RBs should be a multiple of 6/3=2.
Per previous working assumption, NR is supposed to re-use DL RA Type 0 basis in units of 6 RBs, where no restriction on the maximum number of segments for a given CORESET. However, assuming granularity of 6 RBs and not supporting finer resolution for frequency resource configuration of CORESETs may have the following drawbacks:
· To facilitate resource sharing between control and data, it is better to accommodate the RBG sizes of data in frequency resource configuration of CORESETs. Noting that according to the views of the majority of companies, the RBG sizes could be {1, 2, 4, 8}, hence, the granularity of frequency resources of CORESETs should support the lowest RBG size which is 1 RB.
· Assuming that nested design is used for search spaces, the size of CORESETs should be a multiple of 8 CCEs (or 16 CCEs if aggregation level of 16 is supported), to avoid wasting resources of the CORESET. This means that for a 3-symbol CORESET, the number of RBs should be both a multiple of 8 (or 16) for the search space design consideration, and multiple of 6 (based on the current working assumption. This means that a 3-symbol CORESET should cover a multiple of 24 (or 48) RBs in frequency, which is a very restrictive limitation.
· Even when the number of RBs of a CORESET is a multiple of 6 (which is the case for the 1-symbol CORESET), forcing each frequency segment of a non-contiguous CORESET to be a multiple of 6 RBs is too restrictive.
Proposal 7: NR should support granularity of 1 RB in frequency resource configuration of CORESETs.
To avoid excessive overhead of low granularity of frequency configuration, just signaling the starting and the end of frequency segments of the CORESET (and having a limit on the number of frequency segments) may be used instead of Type 0 resource allocation.
3.3 Overlapping CORESETs  
To enable scheduling flexibility, lower the blind decoding and lower the blocking probability, the scheduler may allow different CORESETs to overlap on some resource elements in a transparent manner to the UE. The overlapping CORESETs may have similar or different lengths in terms of the number of OFDM symbols and the number of resource elements and the type of REG-to-CCE mappings. Figure 4 shows an example of two overlapping CORESETs with the length of 1 and 2 OFDM symbols. One possible use-case scenario would be the case that a CORESET configured by PBCH spans one OFDM symbol (i.e., the length of the CORESET configured by PBCH is always fixed to a pre-specified value for example one) and then the CORESET configured by higher layers spans two OFDM symbols but both of these CORESETs overlap. By limiting the length of the CORESET configured by PBCH to one, the number of blind decodings is potentially lowered compared to the case the CORESET spans 2 or 3 OFDM symbols. 
[image: ]
Figure 4. An example of two overlapping CORESETs with lengths of 1 and 2 OFDM symbols: The two overlapping CORSETs may both be configured by UE-specific higher layer signalling, or one configured by PBCH (the red) and one configured by higher layer signalling (the purple).
On the overlapping resources that are shared between two different CORESETs, two different REG-to-CCE mappings may be defined (corresponding to each CORESET). In the case of two different REG-to-CCE mappings for the overlapping CORESETs, two REG bundles from different CORESETs can partially overlap in one or more REGs, while not coinciding with each other. This implies that two CCEs from two different CORESETs can partially overlap in one or more REGs, while not coinciding with each other. For example, if a 1-symbol CORESET with localized frequency-first REG-to-CCE mapping overlap with a 2-symbol CORESET with distributed time-first REG-to-CCE mapping, two CCEs from these two CORESETs may partially overlap on one REG. To avoid collision of two different PDCCH candidates, the network can take the pattern of the overlap of CCEs from the two overlapping CORESETs into account, to avoid assigning two overlapping PDCCH candidates simultaneously. 
Also, in the design of search spaces, it is desirable to have least possible partial overlap between PDCCH candidates of two overlapping CORESETs. For this purpose, it is useful to consider the aggregation levels and the location of PDCCH candidates of the two overlapping CORESETs such that the number of overlapping PDCCH candidate pairs from two CORESETs are minimized, and for each overlapping pair, the overlapping part is maximized. One method for achieving this purpose is to add aggregation levels of 3, 6, 9 for 3-symbol CORESETs to be more in line with aggregation levels of 1, 2, 4, 8 for 1-symbol and 2-symbol CORESETs. 
Proposal 8: Overlapping of CORESETs with different REG-to-CCE mappings is supported in NR.

Summary

This contribution discussed the issues related to Search space design and CORESET configuration. We proposed the following proposals:
Proposal 1: NR should support at least the case that the candidates of the two highest aggregation level are chosen without nested restriction.
Proposal 2: NR should support two different levels of nestedness in search space design, configurable by CORESET configuration.
Proposal 3: The UE should assume that the CORESET configured by PBCH starts from the first OFDM symbol in the slot.
[bookmark: _Ref455734493][bookmark: _Ref434502751][bookmark: _Ref419296613][bookmark: _Ref434227915][bookmark: _Ref434501473]Proposal 4: The UE should assume that the time duration of the CORESET configured by PBCH is one OFDM symbol regardless of the carrier bandwidth. 
Proposal 5: The UE should assume an interleaved REG-to-CCE mapping for the CORESET configured by PBCH.
Proposal 6: The UE should assume the REG bundle size for the CORESET configured by PBCH is equal to 2.
Proposal 7: NR should support granularity of 1 RB in frequency resource configuration of CORESETs.
Proposal 8: Overlapping of CORESETs with different REG-to-CCE mappings is supported in NR.
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