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1	Introduction
Rel-14 NR study item [1] has been closed and a new Rel-15 WI dealing with New Radio Access Technology [2] has been approved. The work item should specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low-latency-communication (URLLC) as defined in [3]. The NR under this work item should consider frequency ranges up to 52.6 GHz.
This contribution relates to remaining details of PDCCH stucture for NR. The following agreements and working assumptions were made in RAN1 #88 [4] and RAN1 #88bis [5].
Agreements: [4]
· 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

· FFS details of mapping of NR-PDCCH in time and frequency, considering the following options:
· NR-PDCCH can be mapped contiguously or non-contiguously in frequency
· Frequency first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate 
· Time first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate
· Frequency first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate
· Time first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate
· Down-selection should be discussed, including of the number of supported option(s)Control search space includes at least the following properties

Agreements: [5] 
· NR-PDCCH can be mapped contiguously or non-contiguously in frequency with localized or distributed mapping of REGs to a CCE (in the physical domain)
· Note: The number of contiguous REGs in the CCE needs further discussion. 
· Note: Localized/distributed mapping can be achieved without/with interleaving.
Agreements: [5] 
· A CCE may be mapped to REGs with interleaved or non-interleaved REG indices within a CORESET
· Definition of a REG bundle: The UE may assume that the same precoder is used for the REGs in a REG bundle and that the REGs in a REG bundle are contiguous in frequency and/or time 
· REG bundling per CCE is supported for NR-PDCCH
· FFS: Whether this applies to common search space
· FFS: Whether all REGs have DMRS or not
· FFS: Whether wideband precoding is supported and the definition of a REG bundle if it is supported
· FFS: whether REG bundle size is different for mapping of NR-PDCCH with or without interleaved mapping of CCE to REGs
· FFS on REG bundle size
· FFS whether REG bundle size is configurable
Working assumption: [5] 
· One-port transmit diversity scheme with REG bundling per CCE is used for NR-PDCCH
· FFS the bundling size
· FFS: REG bundling is also for localized mapping in time and/or frequency-domain
· Companies are encouraged to provide evaluation results for 10 MHz and 20 MHz for larger aggregation levels and 5 MHz and 10 MHz for smaller aggregation levels
Working assumption: [5] 
· A NR-CCE is defined as 6 REGs
· Candidate bundle sizes for distributed REG-to-CCE mapping: 2 or 3 REGs if NR-CCE is defined as 6 REGs
· FFS: impact of the NR-CCE definition on CORESET size, CCE aggregation levels, data resource allocation granularity, etc.
We provide more details related to PDCCH transmission scheme and PDCCH search space design in companion contributions [6] and [7], respectively.
2	The size of REG bundle
One of the open items related to NR-CCE construction is the REG size. It was agreed in RAN1#88bis that “Candidate bundle sizes for distributed REG-to-CCE mapping: 2 or 3 REGs if NR-CCE is defined as 6 REGs”. Figure 1 shows examples for NR-CCE construction based on REG bundle size of 2 and 3 REGs. It covers allocation of 1, 2, 4, and 8 consecutive CCEs within a predefined CORESET.

The example indicates that REG bundle size of 2 results in fragmentation of the CORESET, regardless of the number of CCEs allocated. This will have an impact to control channel blocking e.g. in the cases when common CORESET overelaps with UE-specific CORESET with non-interleaved REG indices. Figure 1 shows that REG bundle size of 3 is clearly a better option from fragmentation point of view. 

Observation #1: REG bundle size of 2 REGs results in CORESET fragmentation. 

We have compared the performance of REG bundle size of 2 and 3 in [8]. 
· REG bundle size of 2 REGs outperforms REG bundles size of 3 REGs especially the when SNR operation point is high. This is the case e.g. with low CCE aggregation levels and/or low BLER operation point. With 8CCEs, the performance difference between REG bundle sizes 3 and 2 is very minor.
· Wideband precoder granularity of 6 REGs outperforms granularity of REG bundle especially when SNR operation point is low. This is the case e.g. with high CCE aggregation levels and/or higher BLER operation point. With 8CCEs precoder granularity of 6 REGs provides better performance (BLER = 1%).

We’re of the opinion that from system complexity point of view it’s prefereable to have a single value for REG bundle defined in the NR specification. In order to optimize the performance in the cell edge conditions, and in order to minimize CORESET fragmentation, we make the following proposals:

Proposal #1: The size of REG bundle is 3 REGs
Proposal #2: Granularity of wideband precoding is 6 REGs.
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Figure 1. CCE construction based on REG bundle size of 2 and 3 REGs.

3	REG to NR-CCE mapping in the case of multiple symbols
One of the open items related to NR-CCE construction is how to make it in the case when the CORESET covers multiple OFDM symbols. There are two options on table, as shown in Figure 2.
· Figure 2a) REG to NR-CCE mapping is based on frequency first -principle and different REGs are located always within the same OFDM symbol. 
· Figure 2b) shows an example of REG to NR-CCE mapping based on time first -principle. Different REGs can be located on the same or different symbol depending on the number of OFDM symbols allocated to NR-CCE. 
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Figure 2. Frequency first and time first mapping of REGs to NR-CCE (non-interleaved case).


We think that REG to NR-CCE mapping should be based primarily on frequency first principle as shown in Figure 2a. For example, common search space having only limited configuration opportunities could always follow frequency first –mapping [7]. This option has inbuilt support for varying starting position of the PDSCH due to the fact that the way to construct the CCE does not depend on the number of OFDM symbols carrying PDCCH.

Proposal #3: REG to NR-CCE mapping is based primarily on frequency first principle. Frequency first mapping is always used for common search space. 

There can be scenarios, such as narrowband operation where time first mapping could provide certain benefits, e.g. in terms of channel estimation. Hence, time first mapping could be supported as a gNB configuration option applicable to USS only. On the other hand in the cases when the number of OFDM symbols carrying PDCCH varies, then time first mapping results in multiple CCE construction hypothesis at the UE side. Hence, it should be used only when the number of symbols allocated to PDCCH is semi-statically configured. 

Proposal #4: Time first mapping can be supported as a gNB configuration option applicable to USS. It can be used only in the cases when the nuber of symbols allocated to PDCCH is semi-statically configured.

Figure 3 shows different options for NR-CCE construction according to time first mapping of REGs to NR-CCE. It assumes that the size of NR-CCE is 6 REGs. We think that time first mapping needs to be supported only when NR-CCE is mapped to REGs with non-interleaved REG indices within a CORESET. This is due to the fact that frequency diversity (if needed) can be achieved by distributed allocation of NR-CCEs. On the other hand, time first -principle combined with interleaved mapping of REG indices would fragment the CORESET considerably.

Proposal #5: Time first mapping is supported only when NR-CCE is mapped to REGs with non-interleaved REG indices within a CORESET.
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Figure 3. Differnt options for time first mapping of REGs to NR-CCE (6 REGs).


In order to minimize the system complexity due to different REG to NR-CCE mapping schemes, we think that DMRS stucture should be common for all REGs and it should not vary according to REG to NR-CCE mapping scheme used. This provides a modular solution, which is preferable e.g. from channel decoding complexity as well as channel estimation complexity/performance point of view.  


Proposal #6: DMRS stucture is common for all REGs and does not vary according to REG to NR-CCE mapping principle.

4	NR-CCE to search space candidate mapping
Figure 4 illustrates two main principles available for CCE to search space candidate mapping:
· Frequency first -principle, where CCEs are mapped to two OFDM symbols
· Time first, where CCEs are mapped to one or two OFDM symbols
Figure 4 assumes that PDCCH with four CCEs consists of four consecutive CCEs (#4-#7). 
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Figure 4. Principle of frequency first and time first CCE to searc space candidate mapping, non-interleaved REGCCE mapping.

Time first principle: Time first principle can be seen as a promising option from channel estimation point of view. However, the main problem of time first -mapping is that CCE numbering varies according to the number of symbols carrying PDCCH. This means that it will be difficult for UE to perform PDCCH blind decodings without knowing the number of OFDM symbols carrying PDCCH.
Frequency first principle: In the case of frequency first -mapping, CCE numbering does not change according to number of OFDM symbols allocated. Hence, it can be seen as a robust solution also for scenarios where the UE does not know the number of DL control symbols allocated to PDCCH. Frequency first principle can be seen as the preferred option also from frequency diversity point of view. In addition, it allows a more efficient support of varying starting position for PDSCH.
Based on the discussin above, we make the following proposal:
Proposal #7: NR supports frequency first mapping of CCEs to search space candidates.

5	Conclusions
In this contribution we have discussed the PDCCH search space design for NR. Based on the discussion, we make the following observation and proposals:
Observation #1: REG bundle size of 2 REGs results in CORESET fragmentation. 

Proposal #1: The size of REG bundle is 3 REGs

Proposal #2: Granularity of wideband precoding is 6 REGs.

Proposal #3: REG to NR-CCE mapping is based primarily on frequency first principle. Frequency first mapping is always used for common search space. 

Proposal #4: Time first mapping can be supported as a gNB configuration option applicable to USS. It can be used only in the cases when the nuber of symbols allocated to PDCCH is semi-statically configured.

Proposal #5: Time first mapping is supported only when NR-CCE is mapped to REGs with non-interleaved REG indices within a CORESET.

Proposal #6: DMRS stucture is common for all REGs and does not vary according to REG to NR-CCE mapping principle.

Proposal #7: NR supports frequency first mapping of CCEs to search space candidates.
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