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1. Introduction
3GPP has discussed downlink control channel design, the following has been 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


2. Design principles
Beamforming has been considered as an essential technology to enhance the coverage for NR. In order to provide decent link budget, beamforming gain is needed in different channel and RS design. One stage control design requires PDCCH specific RS for the decoding of DCI. Since such PDCCH specific RS is shared by multiple users, it can’t harvest the full beamforming gain. In order to maximize the beamforming gain, UE specific RS is needed for DCI decoding. On the other hand, PDCCH specific RS for DCI decoding is beneficial for the use cases where no CSI available, e.g. initial access response, default transmission mode. Given the above analysis, it’s better keep PDCCH specific RS for DCI decoding while triving to minimize the payload of DCI using PDCCH specific RS. With small payload size, it is possible to further lower the coding rate to compensate loss from beamforming gain.  

Proposal: To provide better beamforming gain, downlink control channel should use UE specific for decoding RS as much as possible. 
Proposal: Consider only very compact DCI (with small payload size) to be decoded based on PDCCH specific RS. 
Semi-persistent scheduling is widely used in LTE system to save control signaling overhead. However, LTE SPS was not flexible enough: in the realistic operation, it’s often happened that only one tranmsision parameter need to be changed. However, even one single parameter change requires a complete rescheduling of SPS transmission under LTE framework. The main reason of such inflexilbity is one stage DCI which includes all the transmission parameters. Therefore, we propose that the efficient SPS operation should be a key target when designing DCI. 

Proposal: High efficient semi-persistent scheduling is a key design target for NR downlink control channel. 

Another design target is to improve the efficiency (resource, power) of the control channel. Conventional downlink control channels for LTE and HSPA uses fixed modulation and code rates generated from a signal mother code rate of 1/3 (convolutional code). This design is robust and provides sufficient reliability as decoding of control channel without any errors is utmost important for decoding data. However, when the UE is in good channel conditions, the current design of using fixed modulation and code rate does not provide sufficient link adaptation gains. It is well known that we can achieve significant improvement with link adaptation for data channels especially in high beamforming gain scenario. Since the network gets information form the UE about channel state information (CSI), the control channel design is unable to exploit the CSI from the UE.  Hence in our view, NR downlink control can benefit from the CSI at the transmitter.
Proposal : Control channel design should exploit the CSI and use link adaptation 


3. Two-stage DCI design
In this paper, we propose an enhanced two-stage control channel design. 
· ePCFICH: cells specific channel to indicate the control channel region(s) and associated MCS. See [2] for more details. 
· The start position of each control channel region is indicated F(X, ID) where X is indicated by the ePCFICH and ID is UE specific ID. (for initial access, UE ID=0)
· MCS level corresponding to each control region is signaled by ePCFICH. 
· RS density for stage-1 DCI. E.g. some control region is configured for high velocity user, that region 
· Stage-1 DCI is transmitted on control region indicated by ePCFICH. It only includes resource allocation information. And stage-1 DCI decoding is based on PDCCH specific RS.
· SPS operation is supported: SPS stage-1 DCI can indicate persistent resource allocation for a period of time or until another SPS DCI received. 
· Stage-2 DCI includes all other information including HARQ, MCS, MIMO layers, etc. And Stage-2 DCI transmission is embedded with data channel with a pre-defined location. And using UE specific DMRS (shared with data channel) for decoding. 
· SPS like operation is supported: Stage-2 DCI can be omitted and in such case, UE shall consider it’s a new data transmission and use the last received stage-2 DCI for MCS, MIMO layer information. 
· For re-transmission, stage-2 DCI shall be transmitted. And the HARQ information shall indicate the HARQ process number to indicate UE to do HARQ combination. 
· Note: both stage-1 and stage DCI are CRC protected. 
· Considering a reduced CRC length for overhead reduction
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Fig.1 Illustration of the basic framework of two-stages control


UE receiver behaviors 
1. At each TTI (maybe slot or mini-slot), UE shall first blind decode (in a search space configured by high layer) for stage-1 DCI. 
a. Stage-1 DCI has RNTI related to UE ID, so UE can verify the successfully decoding of the stage-1 DCI for itself. 
b. UE follow the search space definition to blindly decode stage-1 DCI. 
c. The decoding is based on PDCCH specific RS. 
2. Once UE successfully decoded the stage-1 DCI, it knows the resource allocation 
a. The resource allocation may include both frequency domain (which PRB are assigned) and time domain (how many slot or mini-slot are assigned)
3. Stage-2 DCI is embedded in the PDSCH resource allocated by stage-1 DCI.
a. The location of stage-2 DCI is decided once the resource allocation is known. E.g. stage-2 DCI is located at the first symbol of the assigned resource.  
b. The decoding of stage-2 DCI is UE specific DMRS
4. If UE successfully decoded the stage-2 DCI, then UE should follow its information, including MCS, HARQ and MIMO layers, etc. to decode the date packets (excluding the REs used for stage-2 DCI). Note HARQ information included in stage-2 DCI can indicate whether it’s a new retransmission or re-transmisison. 
5. If the UE failed to decode the stage-2 DCI, UE should assume that there is no stage-2 DCI. Then UE should try to decode PDSCH (including all REs for stage-2 DCI) assuming it’s a new transmission using the MCS and MIMO information from last successfully received stage-2 DCI. (illustrated in fig.2 and 3. )
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Fig.2 Examples of applying two-stage control framework in SPS scheduling
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Fig.3 UE receiver flow chart on receiving two-stages downlink control channel
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