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1 Introduction

The NR study item agreed the basic DL control channel framework including definition of a control resource set and the control channel building blocks, namely the NR CCE and NR REG. At the RAN1 #88 meeting it was agreed that [1],
Agreements:
· At least QPSK is supported for the modulation of the PDCCH

· For the purpose of determining CCE size, at least one UE-specific DCI can be transmitted within one CCE (with QPSK and code rates not close to 1)

· An initial estimate of the number of REGs per CCE where a REG is one PRB in one OFDM symbol if DCI sizes are similar to LTE assuming QPSK: Suitable values could range from 4 to 8 REGs. 

· A more precise value needs more decisions on the information carried by the DCI

· 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

· 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 candidate

· Down-selection should be discussed, including of the number of supported option(s)
This contribution discuses several open issues including configuration of control resource sets, mapping of control channels to physical resources, CCE size and DCI contents.
2 Discussion
2.1 Control resource set configuration
It was previously agreed that the physical resources containing at least one search space is obtained from MIB/system information or implicitly derived from initial access information. Implicit derivation may be too restrictive given the objective of forward compatible NR design. In addition, this first control resource set would be a common (or group-common) control resource set and would contain a common search space for monitoring for candidates scheduling common information such as SIBs not contained in minimum SI. Therefore, a first common control resource set should be configured by unscheduled broadcast information.    
Proposal: an initial common control resource set is configured by unscheduled broadcast information.

It was agreed that configuration of additional control resource sets is by dedicated RRC signaling. Scheduling of such RRC signaling would have to be in the common control resource set, which also provides a means for fallback signaling e.g. during RRC reconfiguration. It should also be up to the network whether DCIs can be mapped to a UE-specific search space associated with a common control resource set. An example scenario is for system bandwidths containing a single control region.
Proposal: both common and UE-specific search spaces may be configured within a common control resource set.
2.2 NR-CCE and NR-REG structure
There are two fundamental aspects of the PDCCH structure that need to be finalized, namely, the CCE-to-REG mapping and the PDCCH-to-CCE mapping. Frequency-first CCE-to-REG mapping is the default mapping when a control resource set is configured with a single OFDM symbol. Thus, the main issue is how to map CCEs to physical resources (REGs) when multiple OFDM symbols are configured for a control resource set. 
We first consider the case of localized PDCCH-to-CCE mapping. Frequency-first CCE-to-REG mapping is shown in Figure 1(a). It has been argued that since frequency-first CCE-to-REG mapping is the default case for 1 OFDM symbol, this should be the baseline case regardless of the number of OFDM symbols. Secondly, frequency-first mapping provides frequency diversity since the CCEs and PDCCH are mapped across the frequency domain. Finally, if PDCCH to CCE mapping is also frequency first it reduces processing latency, which in turn, facilitates fast HARQ-ACK feedback. On the other hand for small system bandwidths, mapping a PDCCH candidate across OFDM symbols may be inevitable depending on the bandwidth of the control resource set and the aggregation level (AL). It can also be seen in Figure 1(a) that for the same bandwidth and UE-specific precoding, DMRS reduction is not possible across multiple symbols of a PRB if each symbol contains a candidate for a different UE.
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Figure 1 CCE-to-REG mapping schemes in a control resource set
Time-first CCE-to-REG mapping, shown in Figure 1(b), allows for a more compact placement of the CCEs in the frequency domain. It can be seen that PDCCH-to-CCE mapping can be purely frequency multiplexed for an even number of REGs in a CCE. One benefit of this mapping scheme is that DMRS overhead in a CCE can be reduced since channel estimation performed on a first OFDM symbol can be reused for a subsequent symbol. 
Localized PDCCH-to-CCE mapping is possible when reliable CSI is available at the gNB to allow frequency-selective scheduling. This condition may not be easy to fulfill in many practical scenarios of interest. At least for a common control resource set that is needed for initial RRC connection and other group-common signaling, distributed PDCCH transmission is reliable and robust. Moreover, common control signaling would typically require a low coding rate, i.e. larger AL candidates. Therefore, regardless of the CCE-to-REG mapping a PDCCH consisting of multiple CCEs can be distributed across the control resource set for frequency diversity gain. For distributed PDCCH transmission, shared DMRS would be used for all UEs receiving group-common control information. Thus, the benefit of DMRS overhead reduction observed for time-first CCE-to-REG mapping does not apply here. 
Based on this comparison of time-first and frequency-first CCE-to-REG mapping it can be seen that there are advantages and drawbacks for each scheme. At least for the common control resource set frequency-first CCE-to-REG mapping should be the baseline, while time-first mapping can be further considered for additional UE-specific control resource sets.
Proposal: 

· Frequency-first CCE-to-REG mapping shall be specified at least for the common control resource set

· Further consider necessity of configurable frequency-first or time-first CCE-to-REG mapping for additional UE-specific control resource sets.

The PDCCH to CCE mapping can be contiguous or non-contiguous in frequency domain and should also take into account the time dimension for a multi-symbol control resource set. In LTE, PDCCHs are first mapped to CCEs in a logical domain and then an REG-level interleaver maps the logical CCEs to REGs in the physical domain. 
A similar concept can be followed for the NR PDCCH. Given a control resource set capacity (in terms of the number of CCEs), the NR PDCCHs scheduled for the control resource set in a slot are concatenated and then a REG-level (PRB-level) interleaver can map to REGs in the physical domain. In the frequency domain, 3 different mapping schemes are possible, namely, localized, REG-level distributed or REG-group-level distributed as shown in e.g. [2]. These schemes are simply different interleaver types and further performance evaluation is needed to decide on down-selection if necessary. We provide some preliminary evaluations of localized versus REG-level distributed mapping in a related contribution on transmit diversity schemes [3].

Observation: Localized or distributed type PDCCH-to-CCE mapping schemes are simply functions of the interleaver mapping from the logical to physical domain  
2.3 DMRS overhead
The DMRS overhead in a REG is another open issue for the PDCCH structure. If SFBC is adopted, at least 2 antenna ports would be configured. Therefore, at least 2 REs per antenna port should be configured in an REG containing DMRS. This is also in line with LTE CRS. For 1-port precoder cycling, a minimum of 2 REs is required but more can be considered to allow a gNB the flexibility of supporting transparent MU-MIMO in a control resource set. Alternatively, if MU-MIMO is not configured, it provides channel estimation gain which is useful when REG bundling for channel estimation is not enabled. We do not foresee that larger DMRS overhead is needed within a PRB as there would be diminishing returns in terms of channel estimation gain whilst reducing the control resource set capacity (for the same bandwidth a smaller number of CCEs would be supported).  Results shown in [4] seem to confirm the validity of this qualitative analysis, at least for the scenarios evaluated. 
At least the number of DMRS REs assumed by the UE for control rate matching should be fixed in the specification for the common control resource set as we do not see a benefit of making it configurable. 
Proposal: at most four DMRS REs per REG containing DMRS should be sufficient for NR-PDCCH
2.4 CCE size
As seen from the agreement above a final decision on the CCE size in terms of REGs requires more details on DCI contents. However some preliminary down-selection can still be done to further progress the work. NR is not expected to have a smaller signaling overhead on average compared to NR given that one design goal is forward compatibility. It is already known that NR DCI would contain several more information fields than in LTE. For instance, one information field would support flexible timing between a scheduling assignment and the corresponding data transmission. Nevertheless, LTE DCI formats could still serve as a foundation for determining the CCE size. Table 1 shows a basic set of Rel-13 LTE TDD DCI payload sizes for a single cell and without A-SRS, and UL Type1 resource allocation. For the most compact DCI format, 1C and 20MHz bandwidth, the code rate (with CRC) is  0.11 (00.05) for AL = 4 (8) respectively. For format 1A which is a more versatile format, the code rates are 0.17 (0.08) for AL = 4 (8) respectively. 

Table 1 Basic Rel-13 LTE TDD DCI payload sizes without bit padding
 

	BW (RBs)
	0
	1
	1A
	1B
	1C
	1D
	2
	2A
	2B
	2C
	2D
	4

	25
	41
	46
	43
	47
	28
	47
	61
	57
	55
	58
	60
	51

	50
	43
	50
	45
	49
	29
	49
	65
	61
	59
	62
	64
	53

	75
	44
	52
	46
	50
	30
	50
	67
	63
	61
	64
	66
	54

	100
	45
	58
	47
	51
	31
	51
	73
	69
	67
	70
	72
	55


Taking the agreed range of 4 – 8 REGs in a CCE and assuming a REG consisting of 4 DMRS REs, the number of available channel bits would be [64, 80, 96 112, 128] respectively. Assuming NR defines a compact DCI format of roughly 50 bits, the corresponding code rates for AL = 4 are [0.2 0.16 0.13 0.11 0.10] and for AL = 8 are [0.1 0.08 0.07 0.06 0.05]. It can be seen that 4 – 6 REGs per CCE may be adequate for further investigation. If time-first CCE-to-REG mapping is supported, an even number of REGs would provide for a regular mapping of CCEs to physical resources. Therefore, 4 or 6 REGs should be the candidates for further study.

Proposal: Candidate CCE sizes of 4 or 6 REGs should be further evaluated.

A final selection of CCE size should not only requires more details on DCI contents but should also be based on performance evaluations using the agreed polar coding scheme.

3 Conclusion
This contribution discussed some outstanding details regarding the NR PDCCH structure. The proposals are summarized here as follows,
· Proposal 1: an initial common control resource set is configured by unscheduled broadcast information.
· Proposal 2: both common and UE-specific search spaces may be configured within a common control resource set.
· Proposal 3: 

· Frequency-first CCE-to-REG mapping shall be specified at least for the common control resource set

· Further consider necessity of configurable frequency-first or time-first CCE-to-REG mapping for additional UE-specific control resource sets.

· Observation: Localized or distributed type PDCCH-to-CCE mapping schemes are simply functions of the interleaver mapping from the logical to physical domain  
· Proposal 4: at most four DMRS REs per REG containing DMRS should be sufficient for NR-PDCCH
· Proposal 5: Candidate CCE sizes of 4 or 6 REGs should be further evaluated.
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� Basic here means the following features are not enabled: CA, A-SRS, UL RA Type 1





