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1 Introduction

Agreements related to the DL control channel design from RAN1#86bis and RAN1#87 include the following: 

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:
· 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 order to progress with the DL control channel design in NR, aspects related to the transmission schemes and modulation of the DL control channel need to also be addressed as they are directly related to search space design, number of blind decoding operations, mapping of DMRS antenna ports, PUCCH resource mapping, etc. This contribution considers such aspects and their relations to the DL control channel design.

2 Transmission Schemes and Modulation
There are several ways to enhance spectral efficiency for transmission of DL control channels. Some focus on resource utilization (e.g. by properly dimensioning the DL control channel region to avoid wasting spectrum) while others focus on directly improving the spectral efficiency of the transmission beyond the 2 bits/RE afforded by QPSK and SIMO. The latter include multi-layer transmission and use of modulation orders higher than QPSK. With the exception of MU-MIMO that can be transparent to a UE and can even be opportunistically used without strict requirements for accurate feedback (e.g. for CoMP scenario 4 type deployments), SU-MIMO and QAM-type modulations were not considered in LTE as they place considerable burden on the overall designs and/or the UE complexity. A re-assessment and respective conclusions are also needed for NR. 

SU-MIMO

SU-MIMO can provide significant gains in spectral efficiency (100% for a DL control channel with 2 codewords), was widely considered in LTE, and is also a key component in NR for DL/UL data channels. However, codewords for DL control channels are much smaller than the ones considered for SU-MIMO deployments for DL/UL data channels and robustness for the transmission is more important for control channels than for data channels (lower target BLER, no HARQ, more damaging impact of imperfections related to transmission power or feedback accuracy). Another aspect may be the decoding complexity and latency (UE power consumption and time required for decoding of rank-2 DL control channel transmissions). Further, SU-MIMO is mostly applicable for UEs with high SINRs that can use small NR-CCE aggregation levels and have smaller contribution in the required DL control channel resources in a slot.
SU-MIMO for the DL control channel also has some direct design implications. If rank adaptation (e.g. between rank-2 and rank-1) is semi-static, it is possible to have ‘non-fallback’ DCI formats configured for rank-2 transmission and ‘fallback’ DCI formats configured for rank-1 transmission. However, this may result to frequent unnecessary DL data channel transmission mode switching as the conditions for the DL data channel transmission fallback are not expected to be as strict as the ones for the DL control channel. 
If rank adaptation is dynamic, this would require configuration of some DL control channel candidates for rank-1 transmission and remaining candidates for rank-2 transmission (e.g. most/all smaller NR-CCE aggregation levels can be for rank-2 and most/all larger CCE aggregation levels can be for rank-1). This seems less damaging than semi-static rank adaptation but some impact on blocking probability may exist. A determination for the minimum NR-CCE size also depends on whether or not SU-MIMO is supported (although, this is not expected to have an impact on the available DMRS antenna ports as an RB over a few symbols has much less capacity for DL control channels than for over a subframe as for the EPDCCH). Further, rank-2 transmission requires two DMRS antenna ports for the DL control channel and this may require some minor adjustments in the search space design for rank-1 and rank-2 transmissions and may adversely affect blocking probability for other DL control channels and DMRS antenna port to NR-CCE mapping. 
None of the above is a prohibitive factor for supporting SU-MIMO for DL control channel transmissions in NR. However, a tradeoff between the system/UE complexity vs. potential benefits is deemed to be negative regarding the support of SU-MIMO for DL control channel transmissions in NR.  

Proposal 1: SU-MIMO is not supported for transmissions of DL control channels in NR.

QAM16
QAM16 is another way to double the spectral efficiency (relative to QPSK) of DL control channels. Relative to SU-MIMO, QAM16 is simpler for a UE to support as it maintains a single-layer receiver. Several of the issues regarding SU-MIMO support are also applicable for QAM16 (robustness, aspects associated with semi-static/dynamic adaptation between QPSK and QAM16, minimum CCE size) while others are not (potential impact on blocking probability or possibly on search space design). One unique issue for QAM16 is the requirement for a known EPRE ratio between DMRS symbols and DCI symbols, particularly since channel estimation accuracy is expected to be a bigger concern for NR DL control channels than it is LTE DL control channels. However, UEs that can support QAM16 are likely to have relatively high SINR and may not require DMRS power boosting. It can also be argued that a MMSE-IRC receiver for SU-MIMO also needs to know the DMRS to DCI EPRE ratio to avoid performance losses but, similar to QAM16, a fixed ratio (e.g. 1) can be assumed. 
None of the above is a prohibitive factor for supporting QAM16 for DL control channel transmissions in NR. However, although QAM16 is simpler than SU-MIMO, the tradeoff between system/UE complexity vs. potential benefits is again deemed to be negative.

Proposal 2: QAM modulations are not supported for transmissions of DL control channels in NR.

Transmit Diversity
Transmit diversity is a fundamental transmission scheme for DL control channels in LTE and should remain so in NR (e.g. for wideband only CSI feedback or inaccurate PMI feedback, high mobility, fallback support, UE-common control, etc.). DMRS-based transmit diversity was extensively studied in LTE for EPDCCH. The main candidate schemes are SFBC and precoder cycling (per RE or per RB). Although relative performance evaluations are not yet available for NR (e.g. a DMRS structure needs to first be defined as channel estimation accuracy can have a different impact on different TxD schemes), there is no fundamental reason for the key relative comparisons for EPDCCH to not hold for NR DL control channels. 
For EPDCCH, SFBC was shown to have a lower BLER than precoder cycling when frequency diversity is low or when the CCE aggregation level is low (high coding rate) [1] while the BLER was practically identical otherwise. In general, SFBC is an optimal TxD scheme for 2 Tx antennas but gains over precoder cycling exist only when the coding rate is high (i.e. limited coding gain diversity). The operating conditions associated with the SFBC outperformance over random precoding may not be the typical ones where TxD may apply (e.g. beamforming may be more likely for small NR-CCE aggregation levels). An advantage of precoder cycling over SFBC is that the former has minimal specification impact even though the issue of ‘orphan RE’ may be avoided for SFBC in NR.
A key differentiating point of a TxD scheme is whether or not it enables multiplexing of distributed and localized transmissions of DL control channels in a same sub-band (i.e. frequency resources of a DL control region). This is possible with precoder cycling, is not possible with SFBC, and was the reason for selecting precoder cycling as the TxD scheme for EPDCCH. Same considerations apply for NR as this is an aspect that may have material impact on the spectral efficiency of DL control channel transmissions. In addition to spectral efficiency considerations, whether or not it is possible to multiplex distributed and localized transmissions of DL control channels in a same sub-band also affects a number of sub-bands that a UE may have to monitor which in turn can affect UE modem power consumption. 
Proposal 3: Transmission diversity for DL control channels is supported by precoder cycling.

3 Conclusions

This contribution considered aspects of DL control channel transmissions in NR that can affect the DL control channel design in terms of search space design, multiplexing of distributed and localized transmissions, CCE size, power consumption, etc. In particular, the following are proposed. 
Proposal 1: SU-MIMO is not supported for transmissions of DL control channels in NR.

Proposal 2: QAM16 is not supported for transmissions of DL control channels in NR.

Proposal 3: Transmission diversity for DL control channels is supported by precoder cycling.
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