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Introduction
[bookmark: _Ref129681832]In RAN1#86bis, it has been agreed that beamforming and transmit diversity should be supported in downlink control channels in NR. However, the detailed design still remains as an open issue. In this contribution, we share our views on several design issues for downlink control channel transmission schemes. 
	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



The various scenarios for the downlink are reflected in different transmission schemes. The following table summarizes the different transmission schemes for data channel in LTE, the SINR and the speed of UEs they are applicable to, and how well they work with low and high antenna port correlation. However, considering the requirements from downlink control channel including high transmission robustness and low detecting complexity, some of the transmission schemes can be adopted for downlink control channel while others are on longer applicable.   In the following sections, some detailed discussions are given about the listed transmission schemes.
Table 1. Summary of LTE transmission schemes and their performance 
	UE SINR
(& location)
	Applicable Transmission Schemes
	UE speed
	MIMO Efficacy

	
	
	
	Low antenna correlation
	High antenna correlation

	Low
(cell edge)
	Single layer
	Tx Diversity
	High
	Good
	Bad

	
	
	Tx Beamforming
	Low
	Suboptimal
	Good

	Med-high
	 MU-MIMO
	Low
	Suboptimal
	Good

	High
(near in)
	 SU-MIMO
	Open Loop
	High
	Good
	Bad

	
	
	Closed Loop
	Low
	Good
	Bad



Beamforming
Single-layer transmission
Beamforming is implicit in multi-layer SU-MIMO and MU-MIMO in LTE. Nevertheless, it does not mean that the single-layer transmission would be seldom to happen. As a matter of fact, single-layer beamforming can potentially null out spatially coloured interference from other cells to optimize SINR. Therefore, it can improve a UE’s signal strength or quality, which is generally applicable to cell edge UEs with low SINR. Beamforming also works better with correlated antennas because the resulting precoding weights require only a phase slope to steer the beam. Such precoding weights have unity gain and help maintain a low PAPR that is beneficial for the power amplifiers to each antenna.
Another benefit comes from the fact that single-layer beamforming is based on non-codebook precoding with the dedicated DMRS precoded link data. Therefore, the precoder can be transparent to the UEs (as long as there is no PRB bundling assumption by the UE) and UEs are able to estimate the “effective” channel after precoding.
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]Proposal 1: Support single-layer beamforming in NR.
Multi-layer transmission
Among techniques to improve spectral efficiency, the most well-known one is multi-layer transmission, which can be further divided into the case where a UE receives multiple layers (i.e., SU-MIMO) or where each of the multiple layers is transmitted to different UEs (i.e., MU-MIMO). 
· MU-MIMO
Supporting MU-MIMO transmission scheme with non-orthogonal DMRS can provide area splitting gains of downlink control channel in NR, i.e., the same resource is used multiple times in the same cell. This is achievable using UE-specific downlink control channel resources and scrambling sequences without additional signalling overhead. 
However, supporting MU-MIMO transmission with orthogonal DMRS needs more considerations since it requires that two UEs share the same NR-REG associated to different antenna ports. There may then be an issue that a UE must know which antenna port to use. Two basic approaches can be considered to solve this issue, either a UE tries every possible antenna port, or a UE is configured with one antenna port explicitly or implicitly. Although the former case introduces no additional signalling overhead, it may result in an increased number of blind decoding. We therefore prefer the latter one where the antenna port(s) is(are) indicated explicitly or implicitly. Further study is still needed based on both pros and cons of the two indication schemes.
For explicit indication, a UE is configured with the used antenna port(s), which has minimal UE complexity. The demerits are mainly from two aspects. One is the cost of additional control signaling which will result in a relatively larger size of control region. Therefore, it will affect the flexibility of the resource configuration and cause the net performance loss. The other one is so called antenna port blocking problem where two UEs having the same antenna port configured cannot efficiently receive a UE-specific downlink control channel in the same control subband. Hence, even if the search space is non-overlapping between UEs, there may be blocking due to a co-incident of same configure antenna port. 
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]For implicit indication, the antenna port(s) that may be used for downlink control channel transmission is associated to the resources a downlink control channel is using. This completely avoids the above mentioned antenna port blocking problem. The drawback is that the transmission scheme becomes dependent on the aggregation level and the subband(s) used so that causes increased channel estimation complexity. 
[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK114][bookmark: OLE_LINK115]Proposal 2: MU-MIMO with non-orthogonal DMRS is supported. 
[bookmark: OLE_LINK9][bookmark: OLE_LINK14]Proposal 3: MU-MIMO with orthogonal DMRS can be considered with the antenna port(s) indicated explicitly or implicitly.
· SU-MIMO
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Whether to support multi-layer transmission to the same UE when a downlink control channel is transmitted has already been discussed during the WID of EPDCCH. The main concerns came from both the complication of the antenna configurations and the jeopardy of control channel robustness. However, some advantages of supporting of multi-layer transmission to the same UE should also be identified if a two-stage downlink control channel structure is considered [1]. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK13]In a two-stage downlink control channel structure, a second-level control channel is embedded in the data region in downlink-dominant slot or downlink slot. The second-level control channel and data can share the DMRS, which is located between the first-level control channel and the time interval to which the data and the second-level control channel is physically mapped. In this case, the transmission scheme(s) used for the second-level control channel can be the same as that(those) used for data channel, which is(are) configured explicitly or implicitly based on the merits as follows.
One is that a UE can always assume that the transmission scheme(s) used for the second-level control channel can be the same as that(those) used for data channel, without involving additional signaling overhead. The other one is that the channel estimation results can be used for both control channel and data channel demodulation, which significantly reduces UE complexity.
Proposal 4: Consider multi-layer downlink control channel transmission for the same UE in the second-level control channel if a two-stage downlink control structure is supported.
 Transmit diversity
It has been agreed that transmit diversity should be supported in NR for better transmission robustness.  
CDD using a small cyclic delay is a diversity schemes implemented by transmitting the same set of symbols on the same set of subcarriers from multiple transmit antennas, with different delay on each antenna port. CDD therefore transforms spatial diversity into frequency diversity. However, it has been shown that either SFBC or combined SFBC/FSTD outperformances by noticeable gain [2].
SFBC and combined SFBC/FSTD have been specifically designed for PDCCH in current LTE. In either SFBC or combined SFBC/FSTD coding is done across the subcarriers within the interval of OFDM symbol. This is beneficial from a process timeline point of view, given that very tight processing timeline is considered for NR. Note that LTE PDCCH supports transmit diversity with up to 4 antenna ports. Whereas, considering the needs of channel estimation performance and relatively lower latency processing in NR, some more processing relaxation for the control channel transmission schemes may be possible. For example, for the downlink control channel with more than two DMRS ports, the transmit diversity can be based on only the first two DMRS antenna ports. The downlink control channel demodulation using two DMRS ports helps to reduce the processing burden associated with the channel estimation and the multiplication by the precoding matrix, which typically consumes some processing time at the UE when more than two DMRS ports are considered. This is typically beneficial for common search space design, which should be designed as simple as possible to facilitate initial access of all UEs. To this date, we propose that transmit diversity with up to 2 antenna ports should be supported at least for common search space. 
Proposal 5: SFBC is supported in NR. Transmit diversity with up to 2 antenna ports is supported at least for common search space. 
Conclusions
[bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Our proposals in this contribution are summarized as follows.
Proposal 1: Support single-layer beamforming for downlink control channel in NR.
Proposal 2: MU-MIMO with non-orthogonal DMRS is supported. 
Proposal 3: MU-MIMO with orthogonal DMRS can be considered with the antenna port(s) indicated explicitly or implicitly.
Proposal 4: Consider multi-layer downlink control channel transmission for the same UE in the second-step control channel if a two-stage downlink control structure is supported.
Proposal 5: SFBC is supported in NR. Transmit diversity with up to 2 antenna ports is supported at least for common search space. 
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