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1	Introduction
The following agreements have been made for NR control resource set (CORESET) and control search space.
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:
· 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

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 paper, we discuss remaining open issues for CORESET and search space (SS). This contribution is revised from R1-1716414.
2	CORESET Configurations
[bookmark: _GoBack]For time duration of coreset, the working assumption on DMRS location allows the network to configure the dimension for coreset to support different use cases with different control channel capacity. We propose to confirm the working assumption, and further clarify that the slot based coreset only appears before the defined first DMRS location.
[bookmark: p1]Proposal 1: Confirm the working assumption on configurability of the DMRS location, and restrict the slot based CORESET to always appear before the configured DMRS location.
3	Search Space
3.1	Search space configuration
Within a CORESET, the control resource is defined in REG, CCE level, and search space can be further defined as a set of decoding candidates of different aggregation levels of CCEs. For common CORESET, which is configured by MIB and carries DCI grants RMSI, it was agreed it can be configured to contain also UE-specific PDCCH(s). This is similar to the LTE design where the common search space can carry UE-specific grants. It would be more beneficial to support more gNB flexibility where both common search space (CSS) and UE specific search space (USS) can be configured in the coreset. For example, if the system bandwidth for a NR carrier is not very wide, we may not want to define multiple CORESETs and can use one single CORESET, which will be the common CORESET. Then at least in this case, we will need to support both CSS and USS in the same common CORESET.
On the other hand, when UE specific CORESET and multiple UEs are configured to monitor the same UE specific CORESET, it makes sense to support a group common search space in the resource set to allow sending group cast grants to this set of UEs. 
A UE can be configured to monitor one or more search spaces in one or more CORESETs. For USS, similar to LTE CA, it should be possible to configure the UE to monitor USS from multiple CORESET in one or more NR CC. However, for CSS, to save blind decoding complexity, there may not be need to monitor multiple CSS or GCSS from multiple CORESETs. For example, if a UE is offloaded to monitor a different coreset from the coreset configured by MIB, the UE may not want to monitor the CSS in the common CORESET all the time, which will require a wide band operation. Instead it can get broadcast or groupcast message from the group common search space in the configured CORESET.
[bookmark: p2]Proposal 2: From gNB perspective, a CORESET configured by MIB supports common search space and can be configured to support UE specific search space as well.
[bookmark: p3]Proposal 3: From gNB perspective, a CORESET configured by RRC can also support group common search space and UE-specific search space.
[bookmark: p4]Proposal 4: UE can be configured with one common search space or group common search space, and one or more UE specific search space in multiple CORESETs over one or more NR component carriers.
It was also agreed that multiple CORESETs can be overlapped in frequency and time for a UE. In order to avoid unnecessary complexity at UE, it is beneficial to set a certain limit for overlapping. In addition, the value of having many overlapping CORESETs is not clear. Therefore, it is proposed to have maximum 2 overlapping CORESETs for a given UE.
[bookmark: p5]Proposal 5: Maximum 2 overlapping CORESETs are allowed for a given UE.
3.2	Nested search space
For each search space, the LTE mechanism of defining a profile of aggregation levels to monitor should still apply. Performance wise, we expect the NR PDCCH to at least have the same coverage as the LTE PDCCH. The exact coverage of a DCI depends on the payload size of the DCI. Though the DCI length is not known, and likely the length can be quite flexible given the rich set of features to be introduced in the NR PDSCH and PUSCH design. However, it is necessary to have a set of aggregation levels for each DCI format to deliver the DCI to UEs under different geometry. In LTE, AL 1/2/4/8 are supported for PDCCH. A straight-forward design is to directly adopt that set of aggregation levels. However, in a companion paper [1], we considered the use case where time domain length 1/2/3 OFDM symbol coresets can be configured to overlap to allow flexibility gNB scheduling and reduce blocking different time length coresets, we propose to use AL 1/2/4/8 for 1 symbol and 2 symbol coresets, but use AL 1/3/6/12 for 3 symbol coresets. The proposal is repeated here.
[bookmark: pa]Proposal 6: For 1-symbol and 2-symbol time first CORESET, the aggregation level of 1, 2, 4, 8 is adopted. For a 3-symbol time first CORESET, the aggregation level of 1, 3, 6, 12 is adopted. A larger aggregation level is FFS. 
It is too early to decide on the number of search space candidates for each aggregation. However, we can discuss some design principles for search space design. 
When there is only one control OFDM symbols, or when there are 2 or 3 OFDM symbols with time first CCE to REG mapping, nested search space design has some complexity and implementation benefits. Figure 1 is an example where the search space contains 4 AL1, 4 AL2, 2 AL4, and 1 AL8 search space candidates. By “nesting” the decoding candidates over the CCEs, the UE receiver can reuse channel estimation, and LLR computation. In this example, the UE only needs to perform channel estimation and LLR computation for CCE 0 to 7.


[bookmark: _Ref477683835]Figure 1. Nested search space example
[bookmark: pb]Proposal 7: NR supports a nested search space design strives to overlap search space candidates of different aggregation levels of the same UE to allow maximum reuse of channel estimation and demodulation.
It is not yet decided if frequency first CCE to REG mapping is supported when there are more than one OFDM symbols. We believe the case has its value and should be supported, under the case that each OFDM symbol contains DMRS, i.e., the DMRS is not front loaded. When DMRS is front loaded, there is difficulty to efficiently use the CCEs in the second or later OFDM symbols. 
Under frequency first CCE to REG mapping with more than one OFDM symbols, the nested search space design principle can be generalized as follows:
· The search space is split into multiple approximately equal size sub-search spaces, one for each control OFDM symbol
· Each sub-search space is nested
An example is shown in Figure 2. In this example, in the search space, there are 8 AL1, 8 AL2, 4 AL4 and 2 AL8 search space candidates. The search space is equally split into two sub-search spaces with 4 AL1, 4 AL2, 2 AL4 and 1 AL8 each, with each sub-search spaced located in each control OFDM symbol. Note the set of search space candidates align in the two symbols, so the channel estimation can share.


[bookmark: _Ref473918105]Figure 2. Aligned sub-search space across OFDM symbols

The benefits of such design principle are as follows.
A set of search space candidates are completely located in the first control OFDM symbol so the blind decoding can be dispatched early, right after the first control OFDM is received.
The blind decoding loading is uniformly distributed over time by approximately uniform split of search space over OFDM symbols.
The sub-coreset level PDCCH resource reuse can be easily supported by indicating the starting symbol of PDSCH when the later OFDM symbols in the coreset is not used
The alignments of the sub-search space candidates are for convenience mostly. The CCE may not need to be mapped to the same physical RBs by choosing different interleavers.

[bookmark: pc]Proposal 8: Under frequency first CCE to REG mapping with more than one OFDM symbols., NR supports nested search space design with aligned sub-search space across different control OFDM symbols.
In some scenarios, it is possible that the control resource set is relatively narrow band and there are not enough CCEs in each OFDM symbol to carry the largest aggregation level candidate. In this case, it may be necessary to form large aggregation level search space candidate using CCEs across OFDM symbols. When we do this, we need to consider front loaded DMRS reuse and blocking avoidance. One way to achieve these design goals is to form the large aggregation level search space candidate across OFDM symbols by concatenating smaller aggregation level search space candidates aligned in frequency. This idea is demonstrated in Figure 3. In this example, the control resource set is only wide enough to hold an AL4 search space candidate. Then to generate a search space candidate for aggregation level 8, we will concatenate the two aligned AL4 search space candidates. 


[bookmark: _Ref473921439]Figure 3. Large AL handling when control resource set is small
[bookmark: pd]Proposal 9: When frequency first CCE to REG mapping with more than one OFDM symbols, only supports search space candidate across OFDM symbols when the control resource set does not have enough CCEs in one OFDM symbol. In which case, the search space candidate cross OFDM symbols can be formed by concatenating two lower aggregation level search space candidates aligned in CCE domain.
3.3	Decoding candidate hashing
In NR Adhoc #3, the following options for decoding candidate hashing are identified.
· Hashing function for the highest aggregation level.
· Opt.1: Take the LTE PDCCH or EPDCCH as the starting point.
· Opt.2: All candidates are randomly selected from combinations/patterns in granularity of the AL in the CORESET
· Hashing function for the aggregation level(s) other than the highest aggregation level
· Opt.1: Take the LTE PDCCH or EPDCCH as the starting point within all the CCEs of the CORESET.
· Opt.2: Take the LTE PDCCH or EPDCCH as the starting point within the set of CCEs corresponding to the PDCCH candidates of the highest aggregation level
· Opt.3: All candidates are randomly selected from combinations/patterns in granularity of the AL among the CCEs of candidates corresponding to the highest aggregation level
· For hashing purpose, the total number of the highest aggregation level decoding candidates which may include “pseudo” highest aggregation level candidates = max (ceiling((no. of candidates in AL x)/(8/x)), where for “psesudo” highest aggregation level candidates, no blind decoding is required.Number of additional  “pseudo” highest level candidates, for which no blind decoding is required, is configured together with CORESET.
Before we talk about the detailed algorithm for the highest aggregation level hashing, we need to clarify what is the highest aggregation level. In other words, this is the highest aggregation level configured for a UE or the highest aggregation level supported by the coreset. In LTE, we don’t have such problem as all UE will follow the same aggregation level profile such that the highest aggregation level is always 8. But for NR case, since NR will support configure the aggregation level profile for a search space, it is possible a UE will only be configured to monitor up to AL4 decoding candidates. Then it is not clear which is the highest aggregation level mentioned in the agreements. For simplicity, we propose to clarify that the highest aggregation level mentioned in the agreement is actually the highest aggregation level supported by the coreset. This can be a coreset specific concept shared by all UEs configured to monitor the coreset and typically, this will be 8.
[bookmark: p91]Proposal 10: Clarify that when defining the highest aggregation level decoding candidate hashing, the highest aggregation level is coreset specific, not UE specific.
Pseudo highest aggregation level candidate concept was introduced in the discussion. Our understanding of the pseudo highest AL candidate is as follows: When the gNB configures the search space profile for a UE, it may not always guarantee the number of lower AL decoding candidates is contained within the CCEs of the highest AL decoding candidates. It may not even configure decoding candidates with the highest AL (say 8). For the convenience of decoding candidate hashing, and for better coexistence between different UEs search space, when necessary, we introduce pseudo highest aggregation level candidates that does not need to be decoded, but will be used to support lower aggregation level decoding candidates.
The number of pseudo highest aggregation level candidates can be computed as follows


Where  is the configured number of decoding candidates for aggregation level , and  is the number of pseudo highest aggregation level candidate needs to be introduced.
For highest aggregation level hashing, we need to pick  highest aggregation level decoding candidates. To reduce the chance of blocking, we prefer option 2 listed above. An algorithm to select the highest aggregationlevel decoding candiates can be as follows:
Initialization step: 
· Prepare a pseudo random number generator with seed initialized by cell ID, slot index, coreset specific configure random seed.
· For the coreset, find out the set of highest aggregation level decoding candidates. Assume  highest aggregation level decoding candidates identified. Naturally .
· Initialize , and initialize set of selected highest aggregation level decoding candidate .
Main loop: While , do
· Generate a random number from the pseudo random number generator  and compute .
· If , continue;
· Append  to the end of set 
· .
Wrap-up step:
· Now the set  is of size . The first  are the actual decoding candidates of the highest aggregation level, and the last  are the pseudo highest aggregation level decoding candidates.



[bookmark: _Ref494489236]Figure 4. Example for highest aggregation level decoding candidate hashing
Figure 4 is an example to run the algorithm. Here , , and . The pseudo random number generator generates 3, 6, 3, 1 sequentially. AL8 decoding candidate 3 and 6 are added as actually decoding candidates, and AL8 decoding candidate 1 is added as pseudo decoding candidate.
[bookmark: p7][bookmark: pe]Proposal 11: The set of highest aggregation level decoding candidates, including pseudo highest aggregation level decoding candidates, are randomly picked out of the set of highest aggregation level decoding candidates in the coreset.
After we have the set of highest aggregation level decoding candidates, including pseudo highest aggregation level decoding candidates, for the UE, we can hash within the footprint of these decoding candidates to identify the lower aggregation level decoding candidates required. 
First, we need to identify the potential decoding candidate of aggregation level . A straight-forward approach is just uniformly split the CCEs of the selected highest aggregation level decoding candidates. When there are  highest aggregation level decoding candidates, we can form  potential aggregation level  decoding candidates. We need to select  out of these. To reduce the blocking probability, we believe randomly pick  out of  (option 3) should be used. An algorithm to implement this is as follows:
Initialization step: 
· Prepare a pseudo random number generator with seed initialized by cell ID, slot index, coreset specific configure random seed, and UE ID.
· For the coreset, find out the set of aggregation level  potential decoding candidates from the set of selected  highest aggregation level decoding candidates. There are  of them.
· Initialize , and initialize set of selected aggregation level  decoding candidate .
Main loop: While  do
· Generate a random number from the pseudo random number generator  and compute .
· If , continue;
· Append  to the end of set 
· .
Wrap-up step:
· Now the set  is of size . These are the aggregation level  decoding candidates needed.
Figure 5 shows an example of lower aggregation level decoding candidate hashing with , , , and .


[bookmark: _Ref494491013]Figure 5. Example for lower aggregation level decoding candidate hashing
[bookmark: p121]Proposal 12: Decoding candidates of lower aggregation level is randomly selected in the footprint of the UE’s highest aggregation level decoding candidates (including pseudo highest aggregation level decoding candidates).
3.4	Search Space Monitoring
To configure the decoding candidates monitoring, a monitoring pattern can be defined. We believe the monitoring can be per search space. For example, for a slot based CORESET, the UE can be configured to monitor CSS every K slots but monitor UESS every slot. 
For slot-based scheduling, slot level monitoring periodicity can be configured. For mini-slot based scheduling, the slot level monitoring periodicity can also be configured but multiple symbol level occasions within a slot should be configurable together.
[bookmark: p6]Proposal 13: The monitoring periodicity of the CORESET configured by UE-specific higher-layer signalling, slot level periodicity is configurable. For mini-slot based scheduling, multiple symbol level occasions within a slot should be configurable together with monitoring periodicity.
4	Conclusions 
For CORESET and search space design, we have made the following proposals:
Proposal 1: Confirm the working assumption on configurability of the DMRS location, and restrict the slot based CORESET to always appear before the configured DMRS location.
Proposal 2: From gNB perspective, a CORESET configured by MIB supports common search space and can be configured to support UE specific search space as well.
Proposal 3: From gNB perspective, a CORESET configured by RRC can also support group common search space and UE-specific search space.
Proposal 4: UE can be configured with one common search space or group common search space, and one or more UE specific search space in multiple CORESETs over one or more NR component carriers.
Proposal 5: Maximum 2 overlapping CORESETs are allowed for a given UE.
Proposal 6: For 1-symbol and 2-symbol time first CORESET, the aggregation level of 1, 2, 4, 8 is adopted. For a 3-symbol time first CORESET, the aggregation level of 1, 3, 6, 12 is adopted. A larger aggregation level is FFS. 
Proposal 7: NR supports a nested search space design strives to overlap search space candidates of different aggregation levels of the same UE to allow maximum reuse of channel estimation and demodulation.
Proposal 8: Under frequency first CCE to REG mapping with more than one OFDM symbols., NR supports nested search space design with aligned sub-search space across different control OFDM symbols.
Proposal 9: When frequency first CCE to REG mapping with more than one OFDM symbols, only supports search space candidate across OFDM symbols when the control resource set does not have enough CCEs in one OFDM symbol. In which case, the search space candidate cross OFDM symbols can be formed by concatenating two lower aggregation level search space candidates aligned in CCE domain.
Proposal 10: Clarify that when defining the highest aggregation level decoding candidate hashing, the highest aggregation level is coreset specific, not UE specific.
Proposal 11: The set of highest aggregation level decoding candidates, including pseudo highest aggregation level decoding candidates, are randomly picked out of the set of highest aggregation level decoding candidates in the coreset.
Proposal 12: Decoding candidates of lower aggregation level is randomly selected in the footprint of the UE’s highest aggregation level decoding candidates (including pseudo highest aggregation level decoding candidates).
Proposal 13: The monitoring periodicity of the CORESET configured by UE-specific higher-layer signalling, slot level periodicity is configurable. For mini-slot based scheduling, multiple symbol level occasions within a slot should be configurable together with monitoring periodicity.
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