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1 Introduction
UE beamforming has been reported as an important technique to improve coverage and link reliability for NR high frequency data communications [1] [2]. It is natural that UE beamforming can be applied for NR physical downlink control channel reception. In this contribution we present the aspects of UE beamforming impact on NR physical downlink control channel design.
2 Beamforming support in LTE downlink control channel  
In LTE, to improve the control channel capacity and respective spectrum efficiency, enhanced physical downlink control channel (EPDCCH) is specified to support frequency selective scheduling, beamforming and MU-MIMO transmission. Specifically, localized EPDCCH transmission enables self-contained transmission in the sense that physical downlink data and control channels can be transmitted closely in a localized frequency portion of the system bandwidth. The DMRS based EPDCCH allows beamforming operation to benefit from similar beamforming gain as data channels. In addition, multiple EPDCCH-set configuration in combination with respective QCL setting, further enables a variety of advanced operations such as CoMP transmission. It is plausible that NR physical downlink control channel (NR-PDCCH) shall support all the advanced transmission schemes of EPDCCH.    
Proposal 1: Similar to EPDCCH, beamforming and transmit diversity including beam diversity and possible support of CoMP can be considered for NR physical downlink control channel.
3 UE-side beamforming
For NR operating at high frequency bands, it is widely known that beamforming technique shall be employed at both the TRP and UE side. Specifically, thanks to the potential beamforming gain, UE receive beamforming can considerably improve the link budgets of downlink data and control channels. The UE rx beamforming gain for data reception can improve the SNR of received data signals and consequently increase the UE data rate and overall system throughput. Similarly the improved SNR of received control channel thanks to the UE rx beamforming can reduce the required channel coding gain, e.g., aggregation or repetition levels, of the control channel which determines the number of channel symbols needed for the control channel transmission. As a result, the improved control channel spectrum efficiency can be turned into the control channel capacity increase as well as overall system throughput gain. 

    Proposal 2: It can be beneficial to apply UE receive beamforming for NR physical downlink control channel reception.  

Due to the implementation complexity and power consumption constraints, analog/hybrid beamformer is mainly considered for high frequency NR system. Typically a limited number of TXRUs associated with respective analog beamformer are equipped in the UE. As a result, only several simultaneous beams with target beamforming gain can be supported by the UE. In extreme coverage case, to maximize the beamforming gain in a certain direction, only one beam per analog beamformer shall be applied at a time. It is clear that the number of supported parallel beams with required beamforming gain at the UE side is an implementation issue, and required beamforming gain can also change according to the time varying channel condition.        
Observation

· Up to UE implementation, limited number of parallel beams or only one beam at a time with required beamforming gain can be supported at the UE.
4 Impact of UE beamforming on control channel design
Following the design principle of LTE EPDCCH, NR-PDCCH search space (SS) shall include a number of blind decoding (BD) candidates with respective target coverage. The number of blind decoding candidates in the SS affects the UE power consumption in the control channel monitoring process, as such, the size of LTE EPDCCH SS can be considered as the starting point of NR-PDCCH SS design. For high frequency NR, the coverage range of NR-PDCCH BD candidates in the SS should be carefully designed to meet the requirements of those scenarios, e.g., indoor hotspot and dense urban micro etc, defined in [3]. 
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Figure 1: UE optimal receive beamforming for two TRPs
It is envisioned that transmit beam diversity can be an important mechanism for NR-PDCCH to mitigate the possible blockage and achieve desired reliability. Transmit beam diversity can be achieved by different means. For example, some BD candidates can be transmitted by more than one antenna port so that multiple transmit beams can be used for a BD candidate. In another example, similar to EPDCCH, multiple NR-PDCCH sets, each of which can be associated with a particular TRP, can be configured to a NR UE. Based on the available downlink CSI of each TRP, NR scheduler can determine which TRP can be used for NR-PDCCH transmission in a particular subframe. And this scheme realizes the dynamic point selection for NR-PDCCH transmission. As shown in Fig. 1, it is very likely that the optimum UE rx beam directions for different TRPs can be different. To achieve the maximum potential coverage of NR-PDCCH SS associated with each TRP, UE shall apply different rx beams for BD candidates from different TRPs. However, as discussed in the previous section, UE can only generate limited number of rx beams with required beamforming gain at a time. And in case of only one rx beam with maximum beamforming gain being formed by the UE, it is desired that the BD candidates associated with different TRPs can be allocated at different time, e.g., different subframes, otherwise, these BD candidates can not be decoded with the maximum rx beamforming gain.              

Proposal 3: To maximize the UE receive beamforming benefits, NR-PDCCH search space design should take into account the UE receive beamforming capability such as number of parallel receive beams with required beamforming gain. 
5 Summary

In this contribution we provide our views on the impact of UE receive beamforming on NR-PDCCH search space design. The following proposals were made:

Proposal 1: Similar to EPDCCH, beamforming and transmit diversity including beam diversity and possible support of CoMP can be considered for NR physical downlink control channel.
Proposal 2:  It can be beneficial to apply UE receive beamforming for NR physical downlink control channel reception.
Proposal 3: To maximize the UE receive beamforming benefits, NR-PDCCH search space design should take into account the UE receive beamforming capability such as number of parallel receive beams with required beamforming gain.
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