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1 Introduction
In this contribution, our views on several aspects of NR search space design and UE blind decoding are provided. 
2 Discussion
The following aspects about NR search space and UE blind decoding are discussed.

· UE processing latency in PDCCH
· Whether PDCCH candidates are distributed or localized in a radio resource
· Partition of radio resources into search spaces
2.1 UE latency in PDCCH processing
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Figure 1. An example of the timing in processing PDCCH, PDSCH, and HARQ ACK
The design of PDCCH should allow a UE to start PDCCH blind decoding as early as possible to relax UE processing time for the HARQ ACK feedback. Figure 1 gives an example for the timing at UE in processing PDCCH, PDSCH, and HARQ ACK. If the PDCCH blind decoding can start earlier at the end of the first OFDM symbol, the transmission for HARQ ACK can be ready by the end of slot N+2. The design of PDCCH structure should make the most of UE pipeline processing so that many of the processing can be carried out with a short latency. 
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Figure 2. Localized frequency first REG-to CCE mapping
To enable early initiation of DCI blind decoding, the impacts to PDCCH design are given below

· Search space design

· Strive for as many PDCCH candidates be located at earlier OFDM symbols as possible. For example, we can have independent search space configuration for each OFDM symbol in a CORESET 
· The benefit of having independent search space configuration for each OFDM symbol in a CORESET is not only for earlier initiation of DCI blind decoding. It also has the advantage of reducing PDCCH scheduling blocking rate. This will be elaborated in Section 2.3
· In NR, for cross carrier scheduling in CA, DCIs for multiple CCs can be aggregated and transmitted by one PDCCH at earlier OFDM symbol. See our companion papers [1] and [2] for more details
· REG-to-CCE mapping

· Always frequency first mapping. The disadvantage of time first mapping is a CCE always consist of REGs across OFDM symbols when the duration of CORESET is larger than 1 OFDM symbol
· The interleaver for distributed REG-to-CCE mapping is per OFDM symbol. The disadvantage of per-CORESET interleaver is a CCE may consist of REGs across OFDM symbols 
· CCE-to-PDCCH mapping

· Either frequency first mapping or time first mapping

· For low ALs, each PDCCH candidate is within one OFDM symbol

· For high ALs, a PDCCH may be across more than one OFDM symbols

· The purpose is to avoid a high PDCCH blocking rate 
· “Time first REG-to-CCE mapping” can be equivalently implemented by “frequency first REG-to-CCE mapping” and “time first CCE-to-PDCCH mapping”. E.g., in Figure 2, a PDCCH candidate with AL 4 consisting of CCEs #0, #2, #4 and #6 can be arranged by either “Time first REG-to-CCE mapping” or “frequency first REG-to-CCE mapping and then time first CCE-to-PDCCH mapping”. This can be fulfilled by the hash function of search space 
Proposal 1: The design of PDCCH structure should make the most of UE pipeline processing so that many of the processing can be carried out with a short latency.
Proposal 2: REG-to-CCE mapping is always frequency first.

Proposal 3: The interleaver for distributed REG-to-CCE mapping is per OFDM symbol.

Proposal 4: CCE-to-PDCCH mapping can be either frequency first or time first. “Time first REG-to-CCE mapping” can be equivalently implemented by “frequency first REG-to-CCE mapping” and “time first CCE-to-PDCCH mapping”.
2.2 Whether PDCCH candidates are distributed or localized
The CCE indices of two adjacent PDCCH candidates with the same AL can be consecutive or non-contiguous, resulting in localized or distributed search spaces. See Figure 3 for illustration. Based on the evaluation results in Appendix 1, the distributed search space (shown in Figure 3(b)) provides a lower blocking rate than the localized search space (shown in Figure 3(a)).
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Figure 3. Examples of localized and distributed search spaces
Proposal 5: Distributed search space is used for NR-PDCCH.
2.3 Partition of radio resource into search spaces 
In 3GPP RAN1#87, it was agreed a UE may have one or multiple CORESETs. Therefore, given a time-frequency resource for control channels, there is freedom in determining how the resource is partitioned into CORESETs. Similarly, to enable early initiation of DCI blind decoding, in Section 2.1 we propose having independent search space configuration for each OFDM symbol in a CORESET. Both subjects are related to the question of, given a radio resource and a fixed number of blind decoding, how to partition the resource into search spaces to yield a lower PDCCH scheduling blocking rate? In Appendix 2, simulation results are provided. For both localized and distributed search spaces, multiple search spaces in a given radio resource results in a lower blocking rate than using only one search spaces, when multiple search spaces have distinct locations for PDCCH candidates. 

Observation: For both localized and distributed search spaces, multiple search spaces in a given radio resource results in a lower blocking rate than using only one search spaces, when multiple search spaces have distinct locations for PDCCH candidates.
3 Conclusion

In this contribution, we provided our views on several aspects of NR search space design and UE blind decoding, including UE processing latency in PDCCH, whether PDCCH candidates are distributed or localized in a radio resource, and the partition of radio resources into search spaces. We had the following proposals and observation.
Proposal 1: The design of PDCCH structure should make the most of UE pipeline processing so that many of the processing can be carried out with a short latency.
Proposal 2: REG-to-CCE mapping is always frequency first.

Proposal 3: The interleaver for distributed REG-to-CCE mapping is per OFDM symbol.

Proposal 4: CCE-to-PDCCH mapping can be either frequency first or time first. “Time first REG-to-CCE mapping” can be equivalently implemented by “frequency first REG-to-CCE mapping” and “time first CCE-to-PDCCH mapping”.

Proposal 5: Distributed search space is used for NR-PDCCH.
Observation: For both localized and distributed search spaces, multiple search spaces in a given radio resource results in a lower blocking rate than using only one search spaces, when multiple search spaces have distinct locations for PDCCH candidates.
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Appendix 1. Blocking rate for localized and distributed search spaces
Figure A.1 shows the blocking rate for localized and distributed search spaces. It is assumed each UE is assigned with only one CORESET. In the simulations, the number of CCEs ranges from 10 to 40. The probabilities of ALs 1, 2, 4, and 8 are 0.56, 0.29, 0.12, and 0.03, respectively. Each UE is randomly assigned an AL according to the above probabilities. RNTI is randomly generated for each UE to decide the starting position of the PDCCH candidates. The numbers of candidates for ALs 1, 2, 4, and 8 are 6, 6, 2, and 2, respectively. From the results, we can see that distributed search space has a lower blocking rate than localized search space, and the gain is more obvious when the number of CCEs is much larger than the number of UE.
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Figure A.1. The blocking rate for localized search space and distributed search space
Appendix 2. Blocking rate for single and multiple search spaces
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Figure A.2. The PDCCH blocking rates for one and two search spaces

In Figure A.2, we compare the PDCCH blocking rates of one and two search spaces when a fixed resource is given. The simulation assumptions are the same as those for Figure A.1 except for those noted below. 
In the sub-figure at the left-hand-size of Figure A.2, we compare PDCCH blocking rates for one search space with 32 CCEs and two search spaces with 16 CCEs each. When there is one search space, the PDCCH candidates for ALs 1, 2, 4, and 8 are 6, 6, 2, and 2, respectively. When there are two search spaces, the PDCCH candidates for ALs 1, 2, 4, and 8 at each search space are 3, 3, 1, and 1, respectively. The locations of PDCCH candidates at two search spaces are distinct.
In the sub-figure at the right-hand-size of Figure A.2, we compare PDCCH blocking rates for one search space with 48 CCEs and two search spaces with 32 and 16 CCEs. When there is one search space, the PDCCH candidates for ALs 1, 2, 4, and 8 are 6, 6, 2, and 2, respectively. When there are two search spaces, the PDCCH candidates for ALs 1, 2, 4, and 8 at each search space are 3, 3, 1, and 1, respectively. The locations of PDCCH candidates at two search spaces are distinct.
From the simulation results, we can see that for both localized and distributed search space, using two search spaces gives lower blocking rate than using only one search space. The reason is that, with two search spaces, the gNB can allocate DCI to the second search space with different starting position if the DCI is blocked in the first search space. 

