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1. Introduction

In 4G LTE system, the control region spans the whole system bandwidth and occupies the first several OFDM symbols in a subframe. A physical downlink control channel (PDCCH) is carried by one or multiple control channel element (CCE) depending on the size of payload and channel quality. A CCE further consists of  a number of  resource element group (REGs) . The REGs of different PDCCHs are interleaved and spread across the whole control region (in both time and frequency) to obtain time  and frequency gain. The channel estimation is accomplished based on cell-specific reference signal (CRS) which are transmitted at fixed locations across the whole control region. 
In 5G NR system, similar channel structure could be used for its PDCCH, namely,  PDCCH -> CCE-> REG.  However, there are also some new developments/ideas in the design of 5G NR PDCCH. For example, there could be different ways of mapping CCE/REG to the time/frequency region for PDCCH (called control resource set in NR).  Among them there could be frequency-first mapping, or time-first mapping or a combination of both. Besides this, mapping elements of a PDCCH in contiguous or distributed manners are also supported. There are pros and cons for each way of mapping and the main purpose is to exploit various gains such as time/frequency diversity gain,  localized frequency selective gain, as well as beamforming (BF) gain. The other aspect that 5G NR is different from 4G LTE is that DMRS will be used for PDCCH demodulation. The DMRS for a PDCCH will be transmitted along with its intended PDCCH but not across the whole control region. That requires enough amount of DMRS for a good channel estimation. A good design of mapping needs to balance the requirement from these aspects, namely, to benefit from various gains as mentioned above as well as  generate good channel estimation for PDCCH decoding.
In RAN1 88 meeting, some agreements on CCE mapping were concluded, which are stated as follows

Agreements:

· NR-PDCCH can be mapped contiguously or non-contiguously in frequency

· The following may be considered to achieve the above (in the physical domain)

· Option 1: Localized or distributed mapping of REGs to a CCE. 

· Option 2: Localized mapping of REGs to a CCE. Localized or distributed mapping of CCEs when multiple CCEs are needed for an NR-PDCCH

· Down-selection between Opt 1 and Opt 2 should be further discussed

· Companies are encouraged to perform evaluations considering aspects such as channel estimation, frequency diversity, impact of resource reuse for NR-PDSCH, etc., especially for one CCE case

Agreements:

· FFS details of mapping of NR-PDCCH in time and frequency, considering the following options:

· 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 In candidate
In this contribution, some aspects related to PDCCH CCE mapping are discussed and our views are presented especially considering  nested PDCCH structure which can save the channel estimation efforts.
2. NR PDCCH CCE mapping
As a PDCCH is carried by one or multiple CCE and a CCE further consists of multiple REGs.  There are different ways of conducting CCE and REG mapping. For example, REGs of a PDCCH could be distributed across the time/frequency domain of a control region to exploit time/frequency diversity similar as in LTE. However, that may lead to some channel estimation performance loss due to the limited DMRS transmitted within a REG. To trade off between diversity gain vs channel estimation performance,  CCE could be used as the unit for distributed mapping. Figure 1 shows an example where each CCE is mapped in a distributed manner to different frequency locations on the same OFDM symbol while the REGs in a CCE are mapped together. Such mapping has two benefits, firstly, a CCE is used as the smallest mapping unit, and therefore the REGs in a CCE (e.g., a CCE may contain 4 REGs as shown in the example) are allocated on contiguous resources, this could help with the channel estimation as more DMRS could be used. Secondly, the distributed CCEs may benefits from frequency diversity gain. 
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Figure 1: Mapping of CCEs in a distributed manner on the same OFDM symbol
To further exploit diversity gain in both time/frequency and allow power boosting, each CCE could be mapped to different OFDM symbols as shown in Figure 2 as an example.
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Figure 2: Mapping of CCEs in a distributed manner on different OFDM symbols

Another design criteria that needs to be considered in 5G NR is the reuse of channel estimation for decoding of different PDCCH candidates to reduce the overall PDCCH decoding efforts. A nested structure as shown in Figure 3 illustrates an example where PDCCH candidates of different CCE aggregation level (AL) are aligned and share the same set of resources. That would allow the reuse of channel estimation for decoding different PDCCH candidates. 


[image: image3]
Figure 3: Nested CCE AL structure
The nested structure in Figure 3 could be seen as a logic structure and its CCE could be further mapped to physical resource. The distributed CCE mapping as described in Figure 1 and Figure 2 along frequency direction could be used for this purpose as it maintains such nested structure and supports the reuse of channel estimation, while at the same time, exploit the BF and/or frequency diversity gain. However, for time-first REG/CCE mapping, such structure may require some modifications. The main goal of time-first mapping is to exploit localized frequency selective gain,  allow power boost, and at the same time, may save some DMRS overhead and thus to improve PDCCH performance. This is because if resources used for PDCCH is contiguous in time, the DMRS on the 2nd  or the 3rd OFDM symbols could be omitted and thus give more resource element (RE) for PDCCH transmission. 
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Figure 4: An example of time-first CCE mapping with PDCCH candidates of CCE AL =1

[image: image5]
Figure 5: An example of time-first CCE mapping on two OFDM symbols for PDCCH candidates of CCE AL >=2

Figure 4 shows an example of time-first CCE/REG mapping. It can be seen that to maintain certain level of  channel estimation performance, CCE can be used at the mapping unit instead of REG because CCE contain more REGs and therefore have more DMRS to provide good channel estimation quality. The example shown in Figure 4 assumes PDCCH candidates of CCE AL =1, in this case, the UE shall assume all CCEs contain DMRS for PDCCH decoding. For PDCCH candidates of CCE AL >=2,  as shown in Figure 5, the CCEs on the first OFDM symbol can contain DMRS, while CCEs on the second OFDM symbol do not carry DMRS, thus have more REs for PDCCH. The channel estimation for CCEs on the 2nd symbol could be obtained from those done on the first symbol providing the channel variation along time direction is small enough between symbols.  The example in Figure 5 only shows the mapping on the 1st and 2nd OFDM symbols for PDCCH candidates of CCE AL >=2, but it can be extended for more OFDM symbols. Figure 6 shows an example of time-first CCE mapping on four OFDM symbols for PDCCH candidates of CCE AL >=2. 
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Figure 6: An example of time-first CCE mapping on four OFDM symbols for PDCCH candidates of CCE AL >=2
The above design could be generalized to map CCEs to an even number of OFDM symbols (e.g., 2 or 4) along time direction first (followed by frequency), where CCEs on odd numbered of OFDM symbols (e.g., 1st, 3rd OFDM) carry DMRS for channel estimation, while CCEs on even numbered of OFDM symbols (e.g., 2nd , 4th OFDM) do not carry DMRS. If the total number of OFDM symbols in a control region (control resource set) is odd (e.g., 3), such mapping may only be confined on a pair of 2 OFDM symbols. For example on the 1st and 2nd OFDM symbols, or on the 2nd and 3rd OFDM symbols. In latter case,  the 2nd OFDM symbol is the first symbol for such mapping and CCEs on the 2nd symbol carry DMRS, while CCE on the 3rd does not. The gNB could configure which OFDM symbols could be used for time-first mapping.

Figure 7 shows the nested structure for time-first mapping described earlier. It should be noted that UE shall only assume  CCE  #2, #4, #6 and #8 do not contain DMRS for PDDCH candidates of CCE AL >=2. For PDCCH candidates of CCE AL =1, the UE shall assume all CCE contain DMRS which could be used for channel estimation and decoding of PDCCH candidates.  However, the channel estimation obtained from decoding PDCCH candidates of CCE AL =1 shall not be used for decoding PDCCH candidates of CCE AL >=2 because the DMRS assumption for these PDCCH candidates are different. 
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Figure 7: Example of nested structure for time-first CCE mapping
With nested structure as shown in Figure 7 as part of the design criteria, we can see that the time-first CCE/REG mapping as shown in Figure 5 to Figure 7 has some restrictions in terms of mapping of CCEs, and which CCE may contain DMRS and which does not. Such restriction is to allow more consistent design for different PDCCH candidates of different CCE AL, and thus lead to similar/consistent performance such as channel estimation when decoding different PDCCH candidates. The nested structure would also allow the reuse of channel estimation for decoding different PDCCH candidates with different CCE AL and thus reduce the UE power consumptions.

To summarize, the following proposals could be considered for NR PDCCH CCE mapping:

Proposal:
· For contiguous or non-contiguous NR-PDCCH mapping in frequency, support localized mapping of REGs to a CCE and localized or distributed mapping of CCEs when multiple CCEs are needed for an NR-PDCCH
· For details of mapping of NR-PDCCH in time and frequency
·  support frequency first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate 

· Support frequency first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate
3. Conclusions
In this contribution,  some aspects are discussed with respect to NR PDCCH CCE mapping. The following proposals are highlighted from our views. 
Proposals :  
· For contiguous or non-contiguous NR-PDCCH mapping in  frequency, support localized mapping of REGs to a CCE and localized or distributed mapping of CCEs when multiple CCEs are needed for an NR-PDCCH
· For details of mapping of NR-PDCCH in time and frequency
·  support frequency first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate 

· Support frequency first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate
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