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1 Introduction

In this contribution, we will mainly discuss and make proposals for the remaining issues of the search space. This includes aspects for the search space design, PDCCH dropping and the UE blind detection.
2 Complexity limitations for UE blind decoding and PDSCH decoding 

In NR, the UE can be configured with multiple search space sets on the active DL BWP on each activated serving cell, with multiple search spaces being associated with one or more CORESET(s). Different DCI formats may require different monitoring periodicities or monitoring occasions, e.g. to support different services. The UE may need to be configured to monitor the PDCCH in different search space sets. When the UE has detected a PDCCH in a search space and the PDCCH contains a DL scheduling DCI, it should then decode this data of the PDSCH based on the contents of the resource allocation field and the time-domain resource allocation in the DCI. The time domain resources may consist of multiple symbols in one or more slots. During the PDSCH decoding, the UE should still monitor the PDCCH in other search spaces. That means that the UE should decode data in the PDSCH and blind detect PDCCH(s) at the same time. This processing results in high complexity for the UE and RAN1 needs to find solutions to relax these requirements.
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Figure 1 - Decode data in the PDSCH and blind detection of PDCCH(s) at the same time
Considering power saving and the limitation of the hardware processing capability at the UE side, a possible option is to limit the UE functionality. There are two possible rules to be captured in the specifications:
1. If UE had detected a PDCCH in a search space and starts to decode data in the associated PDSCH, the UE shall stop the blind decoding of other PDCCH candidates during the data decoding time, regardless whether other PDCCH search space monitoring occasions are configured in the symbols for PDSCH decoding.
2. If UE had detected a PDCCH in a search space and starts to decode data in the associated PDSCH, the UE shall stop decoding the data if other PDCCH search space monitoring occasions configured in the symbols for PDSCH decoding.
3 Search space design 

According to the RAN1 conclusion, a maximum of 3 CORESETs can be configured within an active BWP. When multiple search spaces distributed among three CORESETs are overlapping in one slot, even if the nested search space design is adopted, it is hard to ensure that the number of CCEs in one slot does not exceed the fixed threshold value, for example, 48 CCEs.  According to our understanding, how many CORESETs are configured within an active BWP is up to the base station implementation. One gNB may configure only one CORESET within an active BWP. For this case the channel estimation complexity can be reduced by using a nested structure. Doing so, several CCEs can share the same channel estimation and consequently a high target CCE number can be achieved by using nested structure design. Thus, the channel estimation complexity can be confined without the need to drop PDCCHs. The nested structure design provides therefore more choices for gNBs to reduce the complexity of channel estimation. The nested search space design should be adopted.

Proposal 1: The nested search space design has to be adopted.

Next, we will further discuss the design details of the nested search space. Several schemes are shown below:
· Scheme 1: LTE EPDCCH mechanism is adopted as hashing function for the highest aggregation level. For the aggregation level(s) other than the highest aggregation level, the hashing function in LTE EPDCCH is adopted within the set of CCEs corresponding to the PDCCH candidates of the highest aggregation level.
· Scheme 2: LTE EPDCCH mechanism is adopted as hashing function for the highest aggregation level. For the aggregation level(s) other than the highest aggregation level, all candidates are randomly selected from combinations/patterns in granularity of the AL among the CCEs of candidates corresponding to the highest aggregation level.
· Scheme 3: All candidates are randomly selected from combinations/patterns in granularity of the AL in the CORESET for the highest aggregation level. For the aggregation level(s) other than the highest aggregation level, all candidates are randomly selected from combinations/patterns in granularity of the AL among the CCEs of candidates corresponding to the highest aggregation level
The blocking probability of the 3 schemes is compared with the schemes for LTE PDCCH and LTE ePDCCH. The results are presented in the figure below:
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(a)                                                                                           (b)
Figure 2 - Blocking probability for different schemes

In our simulation results shown in the figure above, it is assumed that the numbers of PDCCH candidates are 6, 6, 2, and 2 for the aggregation levels 1, 2, 4 and 8, respectively. It is assumed that the distributions are 40%, 30%, 20%, and 10% for the aggregation levels 1, 2, 4, and 8 respectively. The total number of CCEs for the control region is 32 and 64. 

As seen in the figure, scheme 1 has a very high blocking probability. In scheme 3, the blocking probability is very low, but instead the scheduling gain is not so good. Scheme 2 has comparable blocking probability as scheme 3 but also provides a good scheduling gain. Considering blocking probability and the scheduling gain together, the scheme 2 is preferred. 

For scheme 2, we suggest that all candidates for the lower aggregation levels are randomly selected as described below. More specifically, multiple candidate patterns can be predefined. One of them is randomly selected for the UE’s PDCCH blind decoding. Each candidate pattern shows M selected candidate positions from a search space region containing N available candidate positions without overlapping with each other (M is equal to the number of candidates at an AL for the UE). Thus, blocking among the M candidates for the AL is avoided.
However, there may be different number of candidates and different search space regions for different ALs. A unified design should be considered. The existing formula for the LTE CSI report for best M sub-band selection could be re-used for this candidate selection. For illustration, each candidate pattern can be determined through a combinatorial index 
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which is defined as: 
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 is the extended binomial coefficient, resulting in unique label 
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For the highest aggregation level, take as example the case shown in figure 3 below, that the search space region for available candidate positions is equal to the whole CORESET containing 32 CCEs. As a result, there are four available candidate positions for AL 8; one UE would attempt to blind detect two PDCCH candidates at AL 8 according to the LTE ePDCCH hashing function.


[image: image10.emf]1 2 3 4

Available 

candidate positions

0

2 s



1

4 s



CCE0~7 CCE8~15 CCE16~23 CCE24~31


Figure 3 - An example of multiple candidate patterns for highest AL

For lower aggregation levels, the search space region for the available candidate positions consists of the CCEs that are covered by the highest AL candidates. Figure 4 shows an example for the lower aggregation level 4 (AL4). There, four available candidate positions are shown, each consisting of 4 contiguous CCEs. Two candidates, 
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, would be selected from the available set of four candidate positions. Thus, in total there are 6 possible patterns, and each pattern is corresponding to one combinatorial index
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Figure 4- An example of multiple candidate patterns for lower AL

The UE can randomly select one combinatorial index 
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 to determine a unique candidate pattern for blind detection. A Hash function can be used to realize this randomized selection. For example, the value of 
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 can be associated with UE ID, etc. 

Proposal 2: The following method is adopted for the search space design of NR-PDCCH. 

· LTE ePDCCH Hashing function is reused for the highest aggregation level.

· For the aggregation level(s) other than the highest aggregation level,
· All candidates are randomly selected from combinations/patterns in granularity of the AL among the CCEs corresponding to the highest aggregation level, and combinatorial index is used to generate random combinations/patterns.
4 Discussion on channel estimation 

In the RAN1 NRAH_1801 meeting [1], the following agreements on search space design for PDCCH have been made.
	Working assumption:

· At least for case 1-1 and case 1-2, all UE supports channel estimation capability for 48 CCEs for a given slot per scheduled cell

· FFS: cross-carrier scheduling

· FFS: wideband RS

· FFS: overbooking and/or nested structure

· FFS: exceptional case of CCE counting

· FFS: for case 2


According to the RAN1 conclusion, a maximum of 3 CORESETs can be configured within an active BWP. When multiple search spaces distributed among three CORESETs are overlapping in one slot, even if the nested search space design is adopted, it is hard to ensure that the number of CCEs in one slot does not exceed the fixed threshold value, for example, 48 CCEs. Therefore, it is a necessary to support PDCCH dropping. Next, we will discuss how the mechanism for PDCCH dropping should be designed.

For aggregation level L configured in search space s, the candidate number of PDCCHs is configured to
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In this formula,  can be calculated according to a fixed rule. For example,  is calculated as the ratio between the target CCE number and the CCE number corresponding to all configured PDCCH candidates. However, for the above mentioned PDCCH dropping rules, the 
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 operation may lead to zero reserved PDCCH candidates for certain aggregation levels.
Proposal 3: For one important search space, the number of reserved PDCCH candidates per configured AL is greater than zero.
In order to achieve the above suggested feature of PDCCH dropping, we suggest the following rules of PDCCH dropping should be adopted.

· The PDCCH dropping is performed from lower search space ID to higher search space ID.

· For aggregation level L configured in search space s, assuming that the candidate number of PDCCH is configured as 
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, the remaining number of candidate 
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For aggregation level L configured in search space s, if the total number of reserved CCEs is smaller than the target number of CCEs, then PDCCH dropping is performed according to the above rules. 
Proposal 4: The following rules for PDCCH dropping are adopted.

· The PDCCH dropping is performed from lower Search space ID to higher Search space ID.

· For aggregation level L configured in search space s ,if  the remaining number of candidate 
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After calculating the number 
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 for aggregation level L configured in search space s, we will discuss how to select this subset of 
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 PDCCH candidates from the totally configured 
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 PDCCH candidates. One choice is to select contiguous 
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 PDCCH candidates from the configured 
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 PDCCH candidates. Another option is, per PDCCH candidate is selected from every 
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 candidates of the configured 
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 PDCCH candidates. Compared with the first method, a higher diversity gain can be obtained with the second scheme. Therefore, we prefer the second choice.

Proposal 5:  Per PDCCH candidate is selected from every
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5 The calculation of the first CCE in the search space

In section 10.1 of TS 38.213, the search space formula is shown as following.
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The meaning of 
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 in the search space formula is not defined in TS 38.213. If the understanding of 
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 is inconsistent between base stations and UEs, the PDCCH candidate locations understood by UEs may be wrong. Therefore, the meaning of 
[image: image46.wmf]p

k

 in the search space formula should be clearly defined. 
Because  needs to be calculated according to 
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 is defined as the slot number, 
  needs to be calculated in every slot even for a search space whose period is larger than one slot. Obviously, it is unreasonable that 
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 is defined as the slot number. Therefore, we suggest that 
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[image: image53.wmf]p

kth

 slot monitoring PDCCH in the current radio frame.  If so, 
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 only needs to be calculated on the slots of monitoring PDCCH.
Proposal 6: 
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 is defined as is the 
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 slot monitoring PDCCH in the current radio frame.

6 SFI candidate selection
In the AH1801 meeting, it has been agreed that for each search space configuration configured by UE-specific RRC signaling, the UE is informed whether the search space configuration is CSS or USS, and together with which DCI format(s) to monitor. For a CSS, the possible DCI formats include: DCI format 0_0, DCI format 1_0, DCI format 2_0, DCI format 2_1, DCI format 2_2 and DCI format2_3. For DCI format 2_0, which is used for SFI, in order to acquire the slot format(s) indication as soon as possible, the number of candidates for SFI should be selected from 1 or 2. Therefore, considering the number of candidates, DCI format 2_0 is different from other DCI formats. How to select one or two decoding candidates if the configured number of PDCCH candidates is a larger value should be further studied.

According to the recent agreements, when the gNB configures a Search Space Set, the number of candidates is configured for each configured aggregation level. If the Search Space Set can include multiple DCI formats, the configured number of candidates is common for each DCI format’s monitoring. If the gNB could configure the number of candidates for each monitoring DCI format individually, then the above question would be obsolete. This, however, would increase the gNB configuration complexity. In our view, except for the need of additional RRC signaling, configuring the number of candidates and the corresponding aggregation level per DCI format would be a good choice.

From another perspective, not to change the already made agreements, if in one CSS multiple DCI formats should be monitored, including DCI format2_0, and when the configured candidate number is larger than the SFI’s requirement (configured by RRC signaling, suppose to be called CandiNum_SFI), the UE can choose the number of CandiNum_SFI candidates from all monitoring candidates for DCI format2_0 monitoring. There are two alternatives:

Alt1: Choose the number of CandiNum_SFI candidates from Index 0, so the lower index candidates are used for DCI format2_0;

Alt2: Choose the number of CandiNum_SFI candidates randomly from all candidates, and introduce a randomization factor, which is related to some group-common parameters, such as SFI-RNTI, slot index, cell Index.

Therefore, if a CSS is supporting multiple DCI format monitoring and one of these formats is the DCI format2_0, then, considering the special requirements for the low number of SFI candidates, a clarification is needed so that the UE can know which sub-set of candidates is used for DCI format2_0 monitoring.

Proposal 7: If a CSS supports multiple DCI formats to be monitored, including DCI format2_0, considering the special requirement for the number of SFI candidates an addition to the specification is needed so that the UE can know which candidates are used for DCI format2_0 monitoring.
7 Conclusions

In this contribution, we discussed the remaining details for PDCCH. Based on the discussion, we have the following proposals.

Proposal 1: The nested search space design should be adopted.

Proposal 2: we suggest that the following method is adopted for the search space design of NR-PDCCH. 

· LTE ePDCCH Hashing function is reused for the highest aggregation level.

· For the aggregation level(s) other than the highest aggregation level,
· All candidates are randomly selected from combinations/patterns in granularity of the AL among the CCEs corresponding to the highest aggregation level, and combinatorial index is used to generate random combinations/patterns.
Proposal 3: For one important search space, the number of  reserved PDCCH candidate per configured AL is greater than zero.
Proposal 4: The following rules for PDCCH dropping  is adopted.

· The PDCCH dropping is performed from lower Search space ID to higher Search space ID.

· For aggregation level L configured in search space s ,if  the remaining number of candidate 
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Proposal 5: Per PDCCH candidate is selected from every
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Proposal 6: We suggest that 
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 slot monitoring PDCCH in the current radio frame.

Proposal 7: If a CSS supports multiple DCI formats to be monitored, including DCI format2_0, considering the special requirement for the number of SFI candidates an addition to the specification is needed so that the UE can know which candidates are used for DCI format2_0 monitoring.
8 References

[1] 3GPP TSG RAN WG1 Meeting RAN1#NRAH_1801, Chairman’s Note.

[2] 3GPP Chairman’s notes RAN1#91, 2017-11
[3] R1-1800130,“Search space design and related issues”, ZTE

[4] 3GPP Physical layer procedures for control in TS 38.213 V15.0.1, 2018-2

1

_1234567905.unknown

_1234567925.unknown

_1234567933.unknown

_1234567941.unknown

_1234567945.unknown

_1234567947.unknown

_1234567949.unknown

_1579959564.unknown

_1234567950.unknown

_1234567948.unknown

_1234567946.unknown

_1234567943.unknown

_1234567944.unknown

_1234567942.unknown

_1234567937.unknown

_1234567939.unknown

_1234567940.unknown

_1234567938.unknown

_1234567935.unknown

_1234567936.unknown

_1234567934.unknown

_1234567929.unknown

_1234567931.unknown

_1234567932.unknown

_1234567930.unknown

_1234567927.unknown

_1234567928.unknown

_1234567926.unknown

_1234567916.unknown

_1234567921.unknown

_1234567923.unknown

_1234567924.unknown

_1234567922.unknown

_1234567919.unknown

_1234567920.unknown

_1234567918.unknown

_1234567909.unknown

_1234567914.unknown

_1234567915.unknown

_1234567910.unknown

_1234567907.unknown

_1234567908.unknown

_1234567906.unknown

_1234567897.unknown

_1234567901.unknown

_1234567903.unknown

_1234567904.unknown

_1234567902.unknown

_1234567899.unknown

_1234567900.vsd
1


2


3


4


Available candidate position


Pattern 1


Search space region for lower ALs


CCE8~15


CCE24~31


Pattern 2


Pattern 3


Pattern 4


Pattern 5


Pattern 6


r = 5


r = 4


r = 3


r = 2


r = 1


r = 0



_1234567898.unknown

_1234567893.unknown

_1234567895.unknown

_1234567896.vsd
1


2


3


4


Available 
candidate positions


CCE0~7


CCE8~15


CCE16~23


CCE24~31



_1234567894.unknown

_1234567891.unknown

_1234567892.unknown

_1234567890.unknown

