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1. Introduction
Similar to previous generation radio access systems, such as HSPA and LTE, NR shall also need physical control channels to perform required physical layer control functions. An important physical control function is to schedule or allocate the DL broadcast and DL/UL unicast data transmission. In LTE, with the principle of scheduled access fully controlled by network, this function is carried out by physical downlink control channel (PDCCH). In addition to PDCCH, LTE has other physical downlink control channels such as PCFICH and PHICH to accomplish the proper physical layer operations. At this stage, it is still under study whether these physical control channels are necessary. On the other hand, physical downlink control channel for downlink assignment and uplink grant has been widely assumed to be supported in NR. This contribution focuses on the NR PDCCH and presents our view on the high level design requirements and associated design principles of NR PDCCH.
2. Discussion
This section analyses high level design requirements for NR PDCCH, on top of which associated design principles are also presented. Specific design aspects in relation to a particular design problem are detailed in the respective contributions in the reference.   
In LTE, PDCCH signals the UE about the downlink assignment or uplink grant for a scheduled data transmission. The scheduled downlink data transmission can be a common data message, e.g., system information etc, intended for all or a group of UEs served in the cell, or a dedicated data message to a particular UE. The control channel scheduling common or shared message is typically transmitted in common search space of control channels, while the dedicate message is scheduled by the control channel transmitted in the UE specific search space. We envision that NR PDCCH shall be able to schedule both common and dedicated data transmission similar to LTE. 
[bookmark: p1]Proposal 1: NR PDCCH should support the scheduling of common and dedicated data transmissions.
NR supports a large variety of frequency bands ranging from sub-GHz to 100 GHz. It is natural that NR PDCCH is also required to support such large range of frequency bands to perform in-carrier scheduling, thereby the data and associated control scheduling message are transmitted in the same carrier. Due to the severe path loss in high frequency band, it is challenging to ensure a good coverage of common data message transmitted in high frequency band. Moreover, currently the initial access procedure is still under discussion. 
[bookmark: p2]Proposal 2: NR PDCCH should support in-carrier scheduling of common data transmission in low frequency band as well as dedicated data transmissions in both low and high frequency band.
NR is supposed to provide different services (eMBB, URLLC, mMTC) with diverse performance requirements in terms of throughput and latency etc. It is known that different transmission time internals (TTIs) lead to various air interface latency. In LTE Rel-14, shortened TTIs based on e.g., 2-, 4- or 7-OFDM symbols, are studied and will be standardized when the WI is completed. It is natural that NR shall support variable TTI as well. It is clear that the support of different TTIs may have the impact on the UE blind decoding computation burden. From UE power consumption point of view, it is desired that UE blind decoding computation burden should be kept in a reasonable level. 
[bookmark: p3]Proposal 3: NR PDCCH should support variable TTIs, and blind decoding computation burden thereof shall be kept in a reasonable level. 
To ensure good forward compatibility, the principle of “stay in a box” should be applied for any data transmission whenever target performance requirements can be met. In other words, it is desired that data transmission should use confined time and frequency resources. In case of scheduled downlink transmission, this would imply that NR PDCCH based downlink assignment and its scheduled data transmission are preferably transmitted together within the same localized time-frequency resource grid as shown in Fig. 1. In addition to better support of forward compatibility, localized control channel transmission has the potential to enable control channel to benefit from beamforming gain, frequency selective scheduling as well as control channel ICIC gain. The localized control and data transmission illustrated in Fig. 1 is also named as in-resource control scheduling in [1]. It is also clear from in Fig. 1 that NR PDCCH and scheduled data can be multiplexed in hybrid time-frequency domain. It should be noted that both TDM and FDM are special case of hybrid time-frequency multiplexing. 


Figure 1 Localized control and data transmission. (In-resource control scheduling)
[bookmark: p4]Proposal 4: NR should support localized control and data transmission, a.k.a. in-resource control scheduling, whereby control signaling and scheduled data are transmitted in a confined time-frequency resource grid, and can be multiplexed in hybrid time-frequency domain.  
Control channel is typically required to have a robust performance so as to meet the target BLER within certain coverage. In case of limited knowledge about the UE channel state information at the network, or common data message to be scheduled, it is not possible or even feasible to apply UE specific beamforming transmission. In those scenarios, frequency diversity becomes an important mechanism to improve the control channel coverage. For instance, the LTE PDCCH and distributed EPDCCH are both designed to achieve frequency diversity. It is therefore plausible that NR PDCCH should also support certain distributed transmission to benefit from the potential frequency diversity. Transmission schemes of NR PDCCH are detailed in an accompany contribution [2].  
[bookmark: p5]Proposal 5: NR PDCCH should support distributed transmission in frequency domain to benefit from frequency diversity, especially when localized beamforming transmission is not possible or feasible.     
In LTE, PDCCH and EPDCCH are designed to support certain degree of link adaptation by virtue of different aggregation levels. NR operating at low frequency band, i.e., sub-6 GHz, is supposed to accommodate similar deployment scenarios as LTE, as a result, it is plausible that NR PDCCH operating at low frequency band should provide similar coverage of LTE PDCCH/EPDCCH. For NR operating at high frequency band, the target coverage of NR PDCCH should be further studied and better understood by taking into account the relevant deployment scenarios [3] and appropriate assumption of beamforming gain.  
[bookmark: p6]Proposal 6: The coverage of NR PDCCH at low and high frequency should be further studied by taking into account relevant deployment scenarios and appropriate beamforming gain assumption. 
It is clear from above description that the beamforming transmission is an important transmission scheme for NR PDCCH. Due to the flexible beamforming support, demodulation reference signal using the same beamforming as the signal to be coherently demodulated shall also be applied for the NR PDCCH, especially when it is used to schedule dedicated UE data transmission. In some case, shared reference signals among different UEs can also be used. The more detailed DMRS design for NR PDCCH is presented in [4].
[bookmark: p7]Proposal 7: Both DMRS and shared reference signal should be studied for NR PDCCH demodulation. 

3. Conclusions
Our proposals in this contribution are summarized as follows.
Proposal 1: NR PDCCH should support the scheduling of common and dedicated data transmissions.
Proposal 2: NR PDCCH should support in-carrier scheduling of common data transmission in low frequency band as well as dedicated data transmissions in both low and high frequency band.
Proposal 3: NR PDCCH should support variable TTIs, and blind decoding computation burden thereof shall be kept in a reasonable level. 
Proposal 4: NR should support localized control and data transmission, a.k.a. in-resource control scheduling, whereby control signaling and scheduled data are transmitted in a confined time-frequency resource grid, and can be multiplexed in hybrid time-frequency domain.  
Proposal 5: NR PDCCH should support distributed transmission in frequency domain to benefit from frequency diversity, especially when localized beamforming transmission is not possible or feasible.     
Proposal 6: The coverage of NR PDCCH at low and high frequency should be further studied by taking into account relevant deployment scenarios and appropriate beamforming gain assumption. 
Proposal 7: Both DMRS and shared reference signal should be studied for NR PDCCH demodulation.
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