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1 Introduction

DL control channel signaling aspects were discussed in RAN1#86bis and the following were agreed. 

Agreements:
NR should support
· UE/PDCCH-specific DM-RS for PDCCH reception. At least for beamforming, UE may assume same precoding operation for PDCCH and associated DM-RS for PDCCH.

· FFS: DM-RS is PDCCH-specific and/or UE-specific
· Shared/Common RS for PDCCH reception
· Whether this sharing will be transparent to UE is FFS

· FFS: Whether UE may assume the same precoding operation between RS and PDCCH

· FFS: QCL between antenna ports for PDCCH demodulation
· Tx diversity supported. Which scheme/how FFS
Agreements:
For the frequency-domain aspects:
· A UE monitors for downlink control information in one or more “control subband”
· This does not preclude that UE may receive additional control information elsewhere within or outside the control subband in the same or different OFDM symbol(s)
· FFS: One DCI message is transmitted within one control subband.
· A “control subband” is smaller than or equal to the carrier bandwidth (up to a certain limit) 

· FFS if a “control subband” is non-contiguous and/or contiguous in the frequency domain. 

· A “control subband” consists of an integer number of RBs/PRBs in the frequency domain
· FFS: multiplexing of multiple control channels in a subband
Agreements:
· NR should support at least the following.
· In frequency-domain, a PRB (or a multiple of PRBs) is the resource unit size (may or may not including DM-RS) for control channel

· This is at least for the case where the DL control region consists of one or a few OFDM symbol(s) of a slot or a mini-slot
· FFS: whether a PRB or a multiple PRBs is the resource unit size
· FFS: If multiple PRBs is the resource unit size, the multiple PRBs are contiguous
· FFS: whether the resource unit size for a DL control channel is called as NR-REG or not

Agreements:
· NR should support at least the following
· A DL control channel can be mapped on one or more NR-CCEs
· This is at least for the case where the DL control region consists of one or a few OFDM symbol(s) of a slot or a mini-slot

· A NR-CCE includes a positive integer number of PRBs (FFS: exact value)
· FFS: whether a NR-CCE contains contiguous PRBs

· FFS: whether multiple NR-CCEs may share one or more PRBs
· FFS: whether NR-CCE is mapped on frequency-domain only or on both frequency and time-domain.

This contribution considers the above FFS aspects and some additional issues related to the design of DL control channels for NR. The issues of QCL between DMRS antenna ports and of transmit diversity are discussed in contributions [1, 2]. 
2 Transmission Aspects for DL Control Channels
Issue 1 

It was agreed that “UE/PDCCH-specific DM-RS for PDCCH reception. At least for beamforming, UE may assume same precoding operation for PDCCH and associated DM-RS for PDCCH”. It is FFS whether the DM-RS is PDCCH-specific and/or UE-specific.

A “PDCCH-specific” DMRS implies that different DMRS antenna ports can be used for different candidates of a DL control channel transmission at least in the same subband. Conversely, a “UE-specific” DMRS implies a same antenna port for all candidates. This is applicable only for DL control channel transmissions using UE-specific beamforming. For DL control channel transmissions using transmit diversity based on a UE-shared DMRS, the DMRS antenna ports can be defined in the specifications as for the distributed EPDCCH in LTE. 

The advantage of a “PDCCH-specific” DMRS is an increased opportunity for a gNB to transmit DL control channels to UEs using multi-UE spatial multiplexing (MU-MIMO). The advantage of a “UE-specific” DMRS is reduced UE channel estimation complexity as channel estimates for one candidate can be reused for another candidate for the same UE in the same set of contiguous PRBs. It is noted that localized EPDCCH in LTE uses “PDCCH-specific” DMRS. Having a “UE-specific” DMRS in NR is currently slightly preferred as reducing channel estimation complexity weighs more than some small potential losses in spectral efficiency. However, as a UE will anyway need to be capable of performing channel estimation over a much wider BW (than a few contiguous PRBs) for DL control channels based on transmit diversity (distributed transmissions) or for DL data channels, the channel estimation complexity associated with beam-formed DL control channel transmissions in a few contiguous PRBs (very small BW) is unlikely to be material. A decision for “PDCCH specific” or UE-specific DMRS in case of DL control channel transmissions with beamforming does not affect near-term design or performance evaluations for DL control channels and can be made at a later time once a better assessment on associated UE complexity for channel estimation can be made.
Proposal 1: Decide at a later time whether DMRS for DL control channel transmissions with beamforming is UE-specific or DL control channel (candidate) specific. 

Issue 2
It was agreed that “Shared/Common RS for PDCCH reception” will be supported for DL control channels. 
· Whether this sharing will be transparent to UE is FFS

· FFS: Whether UE may assume the same precoding operation between RS and PDCCH

In general, UE-shared RS is to support transmission diversity of DL control channels (e.g. no subband PMI, high speed UEs, UE-common DL control channels, etc.). Similar to distributed EPDCCH transmission in LTE, there is no need for a UE to be aware that another UE also uses the same DMRS for demodulation of a DL control channel. Additionally, the UE needs to assume the same precoding operation between the RS and the DL control channel as otherwise a channel estimate will be invalid. A gNB can determine a precoding for a DL control channel transmission in a subband based on feedback from the UE (CSI or SRS when applicable).
Observation 1: There is no need for a first UE to know whether a DMRS it uses to demodulate a first DL control channel is also used by a second UE to demodulate a second DL control channel.

Observation 2: In order to obtain a valid channel estimate, a UE needs to assume that a DL control channel and an associated DMRS use the same precoding. 

Issue 3 

Whether or not one DCI message is transmitted within one control subband is FFS. 
Using the LTE CCE size of 36 REs as reference (the NR-CCE size can be approximately same, e.g. 32 REs for a NR-CCE consisting of 4 RBs with 1/3 DMRS REs), and considering an aggregation level of 16 NR-CCEs, a resulting subband size needs to be 48 RBs. This is too large as a 16 NR-CCE aggregation level may not be used in all slots. It is therefore preferable to have smaller subband sizes, e.g. 24 RBs or even 12 RBs, and allow an UL control channel candidate with aggregation level that cannot be supported in one subband to be transmitted in multiple subbands.

Proposal 2: A DL control channel candidate requiring more RBs than the RBs in a subband can be transmitted in multiple subbands. 

Issue 4 

Whether or not a “control subband” is non-contiguous and/or contiguous in the frequency domain is FFS. 
In order to obtain UE power savings, the control subband needs to include RBs that are contiguous in frequency. In order to obtain frequency diversity gains and increased precoding opportunities, candidates for a DL control channel can be on both contiguous (localized) and non-contiguous (distributed) RBs in the frequency domain.
Proposal 3: A subband includes RBs that are contiguous in frequency. 
Proposal 4: A UE can be configured candidates for DL control channel transmission in contiguous RBs or in non-contiguous RBs of a subband. 
Issue 5 

The multiplexing of multiple control channels in a subband is FFS.
LTE EPDCCH can serve as reference (but not necessarily duplicated). The search space design for DL control channel transmissions based on either UE-specific DMRS or UE-shared DMRS can be based on the EPDCCH search space design. As for EPDCCH, a UE can be configured DL control channel candidates for both DL control channel transmissions based on UE-shared DMRS and DL control channel transmissions based on UE-specific DMRS. A PRB-set defined for EPDCCH can be viewed as one or more subbands for DL control channels in NR. Multiplexing of DL control channel transmissions based on UE-shared DMRS and of DL control channel transmissions based on UE-specific DMRS in a same subband is FFS depending on other decisions (e.g. TxD scheme, DMRS overhead, etc.).  
Proposal 5: The search space design for DL control channels is based on the LTE EPDCCH search space design.

Proposal 6: A UE can be configured a number of decoding candidates, for respective NR-CCE aggregation levels, for both UE-shared DMRS based and for UE-specific DMRS based transmissions of DL control channels.

Issue 6 

The following are FFS: (a) whether a PRB or multiple PRBs is the resource unit size and, if multiple PRBs is the resource unit size, whether the multiple PRBs are contiguous (in frequency), and (b) whether or not the resource unit size for a DL control channel is called as NR-REG
LTE EPDCCH can again serve as reference. The EREG-to-ECCE mapping for distributed EPDCCH includes multiple RBs that are distributed in frequency while the EREG-to-ECCE mapping for localized EPDCCH includes one or more RBs that are contiguous in frequency. Assuming that an NR-CCE includes 4 RBs (e.g. 32 REs for DL control channel and 16 REs for DMRS), a resource unit size for UE-specific DMRS based DL control channel can be N contiguous RBs (e.g. N=4).  

Considering that a fourth order of frequency diversity is needed (combined with TxD can result to an eighth order of diversity that achieves all possible gains from diversity) for UE-shared DMRS based DL control channel, the RB needs to be the resource unit size. Having multiple contiguous RBs, such as 2 RBs, as the resource unit size for UE-shared DMRS based DL control channels can also be considered, based on simulation results (initial ones are provided in [3]), as UE-shared DMRS interpolation across RBs can improve channel estimation accuracy (at the cost of reduced frequency diversity at least for one NR-CCE aggregation level). However, this may anyway be the case if UE-shared DMRS based transmissions and UE-specific DMRS based transmissions are not multiplexed in a same subband (a UE can then interpolated UE-shared DMRS across the subband which may reduce UE-shared DMRS overhead). Also, there is no need to define NR-REG.
Proposal 7: A resource unit for UE-specific DMRS based DL control channel transmission is N>1 contiguous RBs.

Observation 3: Further evaluations and/or decisions are needed to determine whether the resource unit size for UE-shared DMRS based DL control channel transmission. Possible values for evaluations can include 1 RB and 2 RBs.
Issue 7 

The following are FFS: (a) whether a NR-CCE is mapped on frequency-domain only or on both frequency and time-domain, and (b) whether the number of OFDM symbols for the DL control region is semi-statically configured or can vary per slot. 

One of the requirements of the NR design is that it should provide at least the same coverage as LTE. There are several DL channels/signals (e.g. SCH, PBCH, DL control channels, DL data channels including UE-common data channels) and any of them can potentially be the coverage limiting channel depending on the eventual design in NR. However, in LTE, the PDCCH is the coverage limiting channel (TDD MCL for SCH/PBCH/PDSCH/PDCCH is respectively 149.3/149/148.1/146.9 as provided in [4]) and the coverage of SCH/PBCH/PDSCH is not expected to be worse in NR than in LTE. Therefore, NR should not degrade the coverage of DL control channels relative to LTE. Limiting DL control channel transmission in NR to one symbol will result to a 4.77 dB loss in coverage for 15 KHz SCS and to a significantly larger loss in coverage for larger SCS (e.g. for URLLC or if scaled numerology is used for DL control channels). The coverage loss will further increase in case DMRS-based channel estimation accuracy in NR is worse than the CRS-based channel estimation in LTE (e.g. in case UE-shared DMRS time-domain and frequency domain interpolation cannot be guaranteed). Such losses in coverage are clearly unacceptable. It is also noted that a “long” UL control channel was agreed in RAN1#86bis with the purpose of maintaining similar coverage to LTE.

Proposal 8: A NR-CCE is mapped on both the frequency and time domains.

NR designs should also maximize spectral efficiency gains relative to LTE. This also requires avoidance of spectral efficiency losses. Semi-statically configuring the size of the DL control channel region, for example to 3 OFDM symbols for 15 KHz SCS and slot of 14 OFDM symbols, will result to material losses in spectral efficiency as the DL control region size can be less than 3 OFDM symbols in some slots. For example, for an average DL control region size of 2 OFDM symbols, the spectral efficiency loss for data transmissions is 1/11 or 9.1%. Considering other overhead in a slot, such as DMRS and CSI-RS, or the possibility of a hybrid slot with less than 14 OFDM symbols for DL transmissions, the spectral efficiency loss will be in the range of 15%-20%. This is clearly unacceptable.
Proposal 9: A UE determines per slot the number of OFDM symbols for the DL control region.

3 Conclusions

This contribution considered design aspects for DL control channels in NR. In particular, the following are proposed. 
Proposal 1: Decide at a later time whether DMRS for DL control channel transmissions with beamforming is UE-specific or DL control channel (candidate) specific. 

Proposal 2: A DL control channel candidate requiring more RBs than the RBs in a subband can be transmitted in multiple subbands. 

Proposal 3: A subband includes RBs that are contiguous in frequency. 
Proposal 4: A UE can be configured candidates for DL control channel transmission in contiguous RBs or in non-contiguous RBs of a subband. 
Proposal 5: The search space design for DL control channels is based on the LTE EPDCCH search space design.

Proposal 6: A UE can be configured a number of decoding candidates, for respective NR-CCE aggregation levels, for both UE-shared DMRS based and for UE-specific DMRS based transmissions of DL control channels.

Proposal 7: A resource unit for UE-specific DMRS based DL control channel transmission is N>1 contiguous RBs.

Proposal 8: A NR-CCE is mapped on both the frequency and time domains.

Proposal 9: A UE determines per slot the number of OFDM symbols for the DL control region.

In addition, the following observations are made.

Observation 1: There is no need for a first UE to know whether a DMRS it uses to demodulate a first DL control channel is also used by a second UE to demodulate a second DL control channel.

Observation 2: In order to obtain a valid channel estimate, a UE needs to assume that a DL control channel and an associated DMRS use the same precoding. 

Observation 3: Further evaluations and/or decisions are needed to determine whether the resource unit size for UE-shared DMRS based DL control channel transmission. Possible values for evaluations can include 1 RB and 2 RBs.
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