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[bookmark: _Ref129681832]In the RAN1#84bis meeting to RAN1#86bis meeting, there was much discussion on NR [1][2][3][4]. It can be observed that there are many new requirements in NR compared to LTE, e.g. wide range of services and deployment scenarios, wide range of spectrums, the support of forward compatibility, new basic frame structure and the support of a set of numerologies. Therefore, it can be expected that new design for control channel is needed in NR. 
The contribution firstly discusses the requirements for control channel design in NR, and then discusses some candidate downlink control channel structures for NR. Uplink control channel design in NR is further discussed in our companion contribution [5]. 
Requirements
According to the last RAN1 #86bis meeting, among various new requirements for NR control channel, several critical requirements are noted as the following:
· Enable beam-based transmission 
In the RAN1#85 meeting, it was agreed that RAN1 studies both multi-beam based approaches and single-beam based approaches for L1 control channel [2], which can increase the coverage of the control channel. In order achieve beam-based transmission for control channel, control channel demodulation based on UE-specific RS should be supported.
· Enable fast decoding
Fast decoding of control channel should be supported to enable fast HARQ-ACK feedback (e.g. HARQ-ACK feedback within one slot). The control information should be located at the start of a slot, which may enable the decoding of control information as early as possible. Moreover, the size of control region should be limited since the data receiving can be started earlier. 
· Enable on-demand transmission 
On-demand transmission for control channel should be supported by configurable time and frequency resource and dynamic on/off transmission of the demodulation RS for control channel.
· Enable self-contained transmission 
One of the agreed principles to ensure forward compatibility is confining signals and channels for physical layer functionalities (signals, channels, signaling) within a configurable/allocable time and frequency resource. Self-contained control channel design should be supported with the demodulation RS for the control channel being embedded in the time and frequency resource for the control channel.
· Enable scheduling dynamically
In LTE, the most important and basic functionality of control channel is to enable data scheduling within the system bandwidth to improve the spectrum efficiency. This property should be maintained in NR. The control channel of NR should be capable to schedule the data for a UE across a certain frequency bandwidth in a basic time unit (e.g. a slot). 
· Enable low UE power consumption 
In the RAN1#86 meeting, it was agreed that impact of UE DL reception energy consumption should be studied, e.g. UE decoding power consumption in the physical layer DL control blind decoding in lack of grant [3]. Therefore, NR control channel design should enable low UE power consumption as much as possible. An alternative to achieve this is to enable configurable time and frequency resource for downlink control channel, which can reduce the redundant resource reserved for downlink control channel by matching the instantaneous requirement well, therefore can provide the possibility of reducing the resource for blind decoding.  
Observation 1: The following requirements for control channel design should be considered: 
· Enable beam-based transmission;
· Enable fast decoding;
· Enable on-demand transmission 
· Enable self-contained transmission 
· Enable scheduling dynamically;
· Enable low UE power consumption.
Candidates for downlink control channel structures 
The downlink control channel design for NR should aim to meet the requirements and jointly consider the possible solutions as discussed in section 2 and section 3. The downlink control information can include UE-specific control signaling (e.g. DL assignment and UL grant), common control signaling and multicast control signaling (e.g. for UE cooperation as discussed in [6][7]). As discussed in [8], three time domain structures including DL-only, UL-only and mixed DL and UL with DL-dominant and UL-dominant should be supported in NR. Based on the supported time domain structures, the following two options can be considered for DL control channel structure in NR:
· Option 1: Self-contained hierarchical control channel 
A self-contained hierarchical control channel as shown in Fig. 1 can be considered for NR. A first-level DL control channel located at the front (e.g. the first symbol) of a slot should be supported in a DL slot, a DL-dominant slot and a UL-dominant slot. A second level control channel can be indicated by the first level control channel, e.g. the time and frequency resource for the second level control channel can be indicated. Downlink control channel is not necessary to be transmitted in every slot, e.g. multiple slots can share the same DL control channel regions when multiple slots scheduling is applied.  
The first level DL control channel can also support conveying a DCI for decoding the data without the need for the second level control channel, i.e. single-level control channel. Self-contained hierarchical control channel structure can fall back to the single-level control channel structure flexibly. 
The second level control channel can be embedded in the data region in DL-dominant slot or DL slot. In this case, the second-level control channel and data can share the demodulation RS, 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 to reduce the latency.  

 
[bookmark: _Ref450663430][bookmark: _Ref465848481]Fig. 1 An example of self-contained hierarchical control channel.
· Option 2: Control channel embedded into data region
In LTE, control channel is mainly based on cell-centric design, e.g. PDCCH. The control region is separated from data region. However, it results in a loss of link adaptive gain for a specific UE and limited scalability (both in terms of overhead and number of schedulable users), as discussed in [9]. Furthermore, the control channel embedded into data region (e.g. in-resource control channel) has been proposed in [9][10], it is similar as the second level control of option 1. In this case, the link adaptive gain can be obtained and the resource is efficiently shared with the control and data. In addition, the demodulation RS for the control channel can be shared with the associated data channel for potential reduction of RS overhead. 
However, one key issue for this option is how to keep dynamic scheduling with the acceptable number of blind detections. If the data can be dynamically scheduled in any frequency region, the number of blind detections will be very high because the UE does not have any pre-information for detection of control channels which is mapped into the associated data region.  
· Option 3: PDCCH-like control channel structure 
Similar as LTE PDCCH structure, the DL control channel is located at the front (e.g. the first symbol) of a slot, which can be used to schedule both common control signaling and UE-specific control signaling. In order to support beam-based transmission for control channel, DMRS-based transmission should be supported for DL control channel with self-contained DMRS. Configurable time-frequency resources for the DL control channel as discussed above can be considered, which can further improve resource efficiency. In addition, superposition of control and data transmission can be considered to enable concurrent transmission of control and data using the same reference signals (e.g., DM-RS), potentially improving in that way the overall spectral efficiency. The superposition method could be similar to those considered for MUST or to other overloading techniques studied in NR.
Based on the discussed three options, the comparison in terms of control channel requirements is listed in Table 1 
[bookmark: _Ref465848430]Table 1 Comparison control channel designs for eMBB
	Requirements
	Option1: Hierarchical control channel
	Option 2: Control channel embedded into data region
	Option 3: PDCCH-like control channel 

	Beam-based transmission
	Completely support
1. DMRS based transmission is supported for both first-level and second-level control;
2. second-level control can share the same DMRS with the associated data;
3. Different beams for first-level and second-level control are supported.
	Completely support
1. DMRS based transmission is supported; 
2. the control can share the same DMRS with the associated data


	Support
1. Supported if DMRS based transmission is supported.
2. potential large RS overhead due to no shared RS with the data except the case where superposition considered.

	Fast decoding
	Fast
1.Time-critical control information is located at the level-1 DCI, the rest of control information is decoded while decoding data;
2. First level control region can be minimized, enable the decoding of data as early as possible.
	Slow
1. Large number of blind detections;
2. After successfully decoding the full DCI, the data reception and decoding can be started 
	Slow
1. Depends on the size of control region and the advanced techniques for blind decoding. 
2. After successfully decoding the full DCI, the data reception and decoding can be started

	On-demand transmission
	Supported well
1.Flexibly configured and extended for the second-level 
2. Minimized reserved for first-level control 
	Support well
1. Flexibly configured and extended
	Limited support
1.May have capacity limitation or resource waste for reservation except the case where superposition considered

	Self-contained transmission for forward compatibility
	Supported well
1. DMRS within time-frequency resource of the control channel 
2. Control embedded into the associated date region
	Supported well
1. DMRS within time-frequency resource of the control channel 
2. Control embedded into the associated date region
	Partly support
1. DMRS can be within time-frequency resource of the control channel 
2. the control is separately transmitted with the data for PDCCH-like control channel except the case where superposition considered

	Dynamic scheduling for data
	Support
1. First-level can indicate the second-level control and data by dynamic scheduling 
	Limited support
1.Tradeoff between dynamic scheduling and the number of blind detections on control
	Support
1. the control can dynamically indicate the data scheduling

	Low power consumption
	Better
1. Narrow bandwidth for first-level control channel can be applied to reduce the energy consumption
2. No blind detection can be achieved for the second-level control
	Worse 
1.Large number of blind detections
2.large bandwidth applied if assuming less scheduling limitation
	Good
1. Narrow bandwidth for first-level control channel can be applied to reduce the energy consumption
2. Number of blind detections and the complexity may be high due to full DCI


Based on the comparison and analysis above, we have the following proposals:
Proposal 1: For downlink control design, the followings can be supported 
· The demodulation RS is contained only within the time and frequency resource for the corresponding control channel.
· Part of downlink control signalling can be embedded into the associated data region, and the demodulation RS for control can be shared with the data.
Proposal 2: Both self-contained hierarchical control channel and PDCCH-like control channel structure can be further studied for eMBB service. 
· Self-contained hierarchical control channel 
· A first level DL control channel located at the beginning (e.g. the first symbol) of a slot, which can indicate:
· Either at least the time and frequency resource for the data channel and a second level control channel
· Or a complete DCI for decoding the data without the need for a second level control channel
· When present, the time and frequency resource for the second level control channel is indicated by the first level control channel.
· Superposition of control and data information can be considered.
Use cases for hierarchical control channel
· Case 1: Two-level DL scheduling enable fast decoding
Decoding delay for control channel will also affect the total delay of packet receiving. Especially, when the control payloads is relatively large, lots of time will cost for decoding the control information by a UE which, in turn, the corresponding ACK/NACK will not be transmitted at the same slot. It will lead to longer HARQ RTT which results in longer delay. As mentioned in section 3, a DCI contains both time-critical and non-time critical information. As shown in Fig. 2, the time-critical information will be transmitted in level-1 DCI. The non-time-critical control information can be located at the level-2 DCI. The level-2 DCI can be decoded while receiving the data. Since the size of level-1 DCI is reduced compared with a full DCI, the level-1 DCI region can be further reduced. Then, with the reduced level-1 DCI region (e.g. 1 or 2 OFDM symbols), the starting time for data receiving can also be started earlier. 


[bookmark: _Ref465848365]Fig. 2 An example of two-level DL scheduling for low latency services
· Case 2: Two-level UL grant for flexible scheduling
For a self-contained UL transmission, a UE may not have enough time for preparing the transmission data and may also cost to delay for decoding control information. Two-level UL grant is shown in Fig. 3. In the level-1 UL grant, most part of UL grant information can be transmitted to the UE for the preparation of data transmission. In the level-2 UL grant, the resource assignment information is contained. Moreover, the location of level-2 UL grant in time domain can be indicated implicitly or explicitly by level-1 UL grant. Since the level-2 UL grant only contain part of UL grant information, limited resources can be reserved for DL control region in a UL-dominant slot, e.g. only one OFDM symbols. With the reduced decoding delay and enough time for preparing UL data, the self-contained UL transmission can be achieved. 


[bookmark: _Ref465848327]Fig. 3 An example of two-level UL grant for flexible UL scheduling.
· Case 3: Two-level DCI for precoding indication
In order to reduce the DCI signaling overhead, the precoding related information (e.g. PMI) can be indicated by two-level DCI. The level-1 DCI supports wideband precoding signaling and indicates the existence of the level-2 DCI, and the level-2 DCI carries subband precoding signaling. For open loop transmission, only the wideband precoding signaling is enough, while, for close-loop transmission, the subband precoding signaling is further required. Since it is not necessary to enable close-loop transmission, two-level DCI will reduce the signaling overhead. 
Observation 2: The following advantages of hierarchical control channel are observed:
· Fast decoding for two-level DCI enable self-contained transmission;
· Higher coding rate for level 2 DCI;
· Less signaling overhead.
Conclusions
The contribution firstly discusses the requirements for control channel design in NR, and then discusses some candidate solutions and downlink control channel structures for NR. Based on the discussion, we have the following proposals:
Observation 1: The following requirements for control channel design should be considered: 
· Enable beam-based transmission;
· Enable fast decoding;
· Enable on-demand transmission 
· Enable self-contained transmission 
· Enable scheduling dynamically;
· Enable low UE power consumption.
Observation 2: The following advantages of hierarchical control channel are observed:
· Fast decoding for two-level DCI enable self-contained transmission;
· Higher coding rate for level-2 DCI;
· Less signaling overhead.
Proposal 1: For downlink control design, the followings can be supported 
· The demodulation RS is contained only within the time and frequency resource for the corresponding control channel.
· Part of downlink control signalling can be embedded into the associated data region, and the demodulation RS for control can be shared with the data.
Proposal 2: Both self-contained hierarchical control channel and PDCCH-like control channel structure can be further studied for eMBB service.. 
· Self-contained hierarchical control channel 
· A first level DL control channel located at the beginning (e.g. the first symbol) of a slot, which can indicate:
· Either at least the time and frequency resource for the data channel and a second level control channel
· Or a complete DCI for decoding the data without the need for a second level control channel
· When present, the time and frequency resource for the second level control channel is indicated by the first level control channel.
· Superposition of control and data information can be considered.
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