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Introduction
The agreements on NR DL control channel structure and DL control DMRS in RAN1#87 meeting is as follows [1]:
	Agreements:
· At least for single-stage DCI design:
· A control resource set (formerly called control subband) is, in the frequency domain, a set of PRBs within which the UE attempts to blindly decode downlink control information
· The PRBs may or may not be frequency contiguous
· A UE may have one or more control resource sets
· Working assumption: One DCI message is located within one control resource set
· In frequency-domain, a PRB is the resource unit size (may or may not including DM-RS) for control channel
Agreements:
· When the control resource set spans multiple OFDM symbols, NR support a control channel candidate to be mapped to multiple OFDM symbols or to a single OFDM symbol
· The gNB can inform UE which control channel candidates are mapped to each subset of OFDM symbols in the control resource set. FFS: details of the signaling (implicit or explicit)
Agreements:
· The time/freq. resource containing at least one search space is obtained from MIB/system information/implicitly derived from initial access information
· Time/freq. resource containing additional search spaces, can be configured using dedicated RRC signaling
· Other solution is not precluded
Agreements:
· NR should support dynamic reuse of at least part of resources in the control resource sets for data for the same or a different UE, at least in the frequency domain
· FFS if resource reuse can be done in time domain as well
· FFS: DL data DM-RS location in time should not vary dynamically as a consequence of dynamic reuse of control resources for data
· FFS: time/frequency granularity of the resource reuse
· FFS: signaling needed, if any
Agreements:
· The reference signals in at least one search space do not depend on the RNTI or UE-identity
· FFS: The reference signals in at least an additional search space do not depend on the RNTI or UE-identity
· FFS: For one UE, there is the case the channel estimate obtained for one RE is reusable across multiple blind decodings involving that RE
· In an additional search space, reference signals can be configured, FFS: explicitly or implicitly




In this contribution, we discuss further details of control resource set and DMRS for NR DL control channels.

Discussion
[Control resource set]
Two types of control resource set, i.e., base (default) control resource set and configurable control resource set, can be defined in NR. Base control resource set should be monitored by both RRC idle and connected UEs. Therefore base control resource set or search space therein should be accessible during the initial access phase. At least the standalone cell or carrier should have one and only one base control resource set. Base control resource set should be confined within the minimum system bandwidth, e.g., 5MHz in below 6GHz, considering the narrow bandwidth UE. On the other hand, configurable control resource set can be additionally configured to UE by UE-specific RRC signaling. The bandwidth of a configurable control resource set can be larger for frequency diversity but should be configured within the UE operating bandwidth.
Proposal 1: A NR carrier has at most one base control resource set which is indicated by MIB/SI/implicitly during initial access.

[Search space]
In LTE, UE is configured with common search space and UE-specific search space in the primary cell, and common DCI, e.g., DCI whose CRC is scrambled by SI/RA/P-RNTI, TPC-PUSCH/PUCCH-RNTI, or eIMTA-RNTI, is transmitted only on the common search space. This is a reasonable choice because LTE control channel is broadcasted over the cell coverage, and every UE except narrowband UEs monitors the same wideband control region. However, in NR, DL control channels can be beamformed. Moreover, UE bandwidth can be narrower than the carrier bandwidth and multiple UEs in the same carrier can operate in the different frequency areas. In this case, it may be impossible for every UE to monitor one common resource pool for control channel reception.
Therefore the necessity of having common search space dedicated to the transmission of common DCIs in NR is questionable. Rather, having a single type of search space seems sufficient in NR. In each search space, any NR RNTI for both common and UE-specific DCIs can be transmitted at least in the configurable control resource set. Then each search space can flexibly serve as either common or UE-specific search space (or both) depending on the situation. Note that the blind decoding complexity is dominated by the number of control channel candidates, not the number of candidate RNTIs. By not dividing the search space into two separate regions, 
Observation 1: Having common search space in NR may not be beneficial due to control channel beamforming and wider bandwidth operation.
Proposal 2: NR supports a single type of search space for DL control channel monitoring in the control resource set.
Proposal 3: In each search space every NR RNTI is allowed to be transmitted at least in configurable control resource set.

In LTE, UE should monitor a predefined set of CCE aggregation levels and a predefined number of (E)PDCCH candidates for each aggregation level. For example, UE should monitor all aggregation levels L=1, 2, 4, and 8 (up to 32 in some EPDCCH config.) in each UE-specific search space. However, from a UE perspective, not all aggregation levels may not be needed depending on UE conditions, the configured transmission mode, system bandwidth, etc. At the same time, NR should allow greatly reduced blind decoding complexity for UE processing time reduction. Therefore it is preferable for NR to support configurable CCE aggregation levels for efficient DL control channel monitoring.
Proposal 4: The set of CCE aggregation levels is configurable at least in configurable control resource set.

[Size of control resource set]
A control resource set can consist of M CCEs in frequency and N OFDM symbols in time (M, N: positive integer). One CCE can consist of K PRBs in frequency (K: positive integer). To have moderate signaling flexibility and overhead, the M CCEs can be either contiguous or distributed but the K PRBs can only be contiguous in the frequency domain. Multiple values for M and N can be defined at least for configurable control resource set and different (M, N) values can be applied to base and configurable control resource sets. In order to simplify the CCE mapping rule, the number of CCEs per control resource set can be restricted to M=2m (m: non-negative integer).
Search space in the base control resource set can be reduced for RRC connected UEs to decrease the search complexity. For configurable control resource set, two options can be considered regarding the relation between search space and control resource set. First option is that UE monitors control channel candidates in the whole configurable control resource set and the second option is to allow partial monitoring. In the second option, search space can be a part of the configurable control resource set.
Proposal 5: In the frequency domain, a control resource set consists of an integer number of contiguous or distributed CCEs, and one CCE consists of an integer number of contiguous PRBs.

[CCE mapping]
Both localized and distributed CCE mappings in frequency can be supported and in the case of localized mapping, time-first and frequency-first CCE indexing can be considered. Then a series of CCEs can be aggregated in the logical domain as it was done in LTE. Time-first CCE indexing may be beneficial in terms of DMRS overhead and channel estimation complexity, and frequency-first indexing may be beneficial for multi-beam TDM operation in high frequency at the price of high DMRS overhead.
Proposal 6: Support both localized and distributed CCE mappings in the frequency domain.
Proposal 7: Support both time-first and frequency-first CCE indexing for the CCE aggregation.

Table 1 summarizes and compares the characteristics of the base and the configurable control resource sets based on our proposals.
[bookmark: _Ref471743997]Table 1. Summary of proposals for control resource set
	
	Configurable control resource set
	Base control resource set

	Signaling/indication
	UE-specific RRC signaling
	MIB/SI/implicitly during initial access

	CCE aggregation level
	Configurable
	Fixed (reconfigurable to RRC connected UEs)

	# of candidates per aggregation level
	Fixed
	Fixed

	# of search spaces
	At most one
	One

	RS type
	Common or UE-specific RS
	Common RS

	DCI type
	Every NR RNTI
	Every NR RNTI

	Time domain size
	Configurable
	[FFS]

	Freq. domain size
	Configurable
	Fixed

	CCEs in frequency
	Localized or distributed
	Localized

	CCE mapping
	Localized or distributed
	Distributed [FFS: localized]




[Control region reuse by data]
It was agreed in RAN1#87 meeting that NR supports dynamic reuse of at least part of resources in the control resource sets for data for the same or a different UE, at least in the frequency domain. Fig. 1 illustrates examples of slot-based DL data channel regions. In the figure, C+D+E region is the case of FDM of DCI and DL data, and A+B or A+B+D+E region corresponds to the TDM case. To support both the FDM and the TDM cases, the DCI (DL assignment) can indicate the start symbol of the DL data channel. However, allocation of DL data channel using non-rectangular time-frequency resources (e.g., A+B+C+D+E in Fig. 1) seems challenging since it may greatly increase the signaling overhead.
Proposal 8: DCI indicates the start symbol of the DL data channel.
Observation 2: Allocation of DL data channel using non-rectangular time-frequency resources (e.g., A+B+C+D+E in Fig. 1) requires large signaling overhead.



[bookmark: _Ref471744251]Fig. 1. Resource regions for DL data channel
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[DMRS]
NR DL control channel should support both common RS and UE-specific RS. UE-specific RS should be dedicated to a single UE-ID, but common RS should not depend on UE-ID or UE-RNTI for various beamforming use cases. For example, common RS can target every UE in the cell or a group of UEs for broadcast of common control information, or only a single UE can receive the common RS to decode the UE-specific DCI. On the other hand, UE-specific RS may assist potential MU-MIMO operation depending on their multiplexing scheme and may conditionally reduce the blind decoding attempts. Both wide beam and narrow beam beamforming should be applicable to both common and UE-specific RS by gNB implementation. Common RS can be used in the base control resource set and either common or UE-specific RS can be used in the control resource set by network configuration. Regarding the need of PDCCH-specific RS, our view is that both common and UE-specific RS should not be tied to a certain control channel to improve their utilization. Table 2 is the summary of our opinion on the DMRS for the DL control channel.
Observation 3: Both common and UE-specific RS should not be tied to a certain control channel to improve their utilization.
[bookmark: _Ref471805750]Table 2. Comparison of two RS types for DL control channel
	
	Common RS
	UE-specific RS

	Scrambling
	Not depend on UE-ID
	Depend on UE-ID

	Target UE
	All UEs (wide beam broadcast)
A group of UEs (wide beam broadcast)
A single UE
	A single UE

	Beamforming
	Wide or narrow beam
	Wide or narrow beam

	DCI type
	Every NR RNTI
	Every NR RNTI

	Location
	Default control resource set
Configurable control resource set
	Configurable control resource set




Conclusion
In this contribution, we discussed several issues on control resource set and DMRS in the NR DL control channel design. Our observations and proposals include:
Proposal 1: A NR carrier has at most one base control resource set which is indicated by MIB/SI/implicitly during initial access.
Observation 1: Having common search space in NR may not be beneficial due to control channel beamforming and wider bandwidth operation.
Proposal 2: NR supports a single type of search space for DL control channel monitoring in the control resource set.
Proposal 3: In each search space every NR RNTI is allowed to be transmitted at least in configurable control resource set.
Proposal 4: The set of CCE aggregation levels is configurable at least in configurable control resource set.
Proposal 5: In the frequency domain, a control resource set consists of an integer number of contiguous or distributed CCEs, and one CCE consists of an integer number of contiguous PRBs.
Proposal 6: Support both localized and distributed CCE mappings in the frequency domain.
Proposal 7: Support both time-first and frequency-first CCE indexing for the CCE aggregation.
Proposal 8: DCI indicates the start symbol of the DL data channel.
Observation 2: Allocation of DL data channel using non-rectangular time-frequency resources (e.g., A+B+C+D+E in Fig. 1) requires large signaling overhead.
Observation 3: Both common and UE-specific RS should not be tied to a certain control channel to improve their utilization.
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