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1. Introduction
Based on the latest RAN1 agreements and required functionalities for NR, DL control channel may need to provide the following control information to facilitate efficient NR operation. 
· DL data scheduling information
· It includes the information for an UE to decode DL data channel. It may contain resource allocation, modulation and coding scheme, HARQ redundancy version, HARQ process ID, new data indicator etc..

· UL data scheduling information
· It includes the information for an UE to transmit UL data. It may contain resource allocation, modulation and coding scheme, HARQ redundancy version, HARQ process ID, and UL power allocation.
· Timing relationship information
· It includes the timing relationship between DL/UL scheduling and corresponding data reception/transmission and the timing relationship between DL/UL data and corresponding HARQ-ACK timing.
· Downlink channel feedback and uplink sounding triggering
· It includes the requests for explicit and/or implicit channel state information feedback and uplink sounding reference signal transmission. 

· DL control region size
· It includes the indication of DL control region size in both time and frequency domain within a slot.
· Slot aggregation indication
· It includes the information about which slots are aggregated as one large slot.
From our views, the first four types of information should be UE-specific and the last two types of information could be common for all UEs or at least for a group of UEs.  In this paper, we will focus on the design for the first three types of information by downlink control channel.
2. Discussion
In LTE, DCI is transmitted through single-stage DCI and applied in every scheduling unit. The information carried by single DCI includes resource allocation information and detailed data transmission information, HARQ information, assistance information and other information. However, it results in high DCI overhead and poor forward compatibility.
Resource allocation information is related to wireless channel status and it changes slowly in most of cases. It introduces high DCI overhead, especially for NR, if it is signaled every slot. In addition, DCI size is often changed due to the introduction of new layer-1 signaling when a new feature is introduced. Since DCI size is related to UE blind detection behavior and it’s usually hard-coded in UE hardware, it impacts UE hardware every time DCI size changes due to the introduction of a new feature. Therefore, we proposed to have 2-stage DCI design in NR to resolve the above issues in LTE. In following subsections, the details of our design on two-stage DCI are described. And the approaches of two-stage DCI to achieve above benefits are also provided.
2.1 Two-stage downlink control information (DCI)
In the proposed two-stage DCI design, the DCI is divided into basic and extended DCIs. As depicted in Figure 1, UE can decode the data channel PDSCH1 properly by associating the scheduling information from basic and extended DCIs. Examples of the information contained in basic and extended DCIs are listed in Table 1. For basic DCI, the characteristic of carried information includes:
· Most fundamental but essential information for UE

· The information is semi-static and may not be changed fast
Except those basic information contained in basic DCI, additional data scheduling information that varies quickly is transmitted through extended DCI. Two-stage DCI transmission provides the following advantages:

1)  Less DCI overhead

Since the information carried in basic DCI may change slowly, the basic DCI can be signaled once every K (K≥1) slots and the overall DCI overhead can be reduced. For example, as shown in Figure 2, when multi-slot scheduling is applied, the basic DCI can be transmitted at front of first scheduled slot only. In the following slots, the MCS can still be altered through extended DCI without transmitting basic DCI. On the contrary, when single-level DCI is applied, all the scheduling messages are provided for each slot/mini-slots even if MCS is the only information needed to be changed.  
2)  Better forward compatibility
Two-stage DCI has the advantage of introducing new layer-1 signaling without impacting UE blind detection behavior. For instance, the physical/logical location of extended DCI can be signaled or derived from associated basic DCI. Therefore, UE doesn’t need to perform blind detections for extended DCI. Thus, the additional information required in future releases, e.g., assistant information for interference cancellation or suppression, can be added in extended DCI without changing the size of basic DCI and impacting UE blind detection behavior.
3) Better UE RF power efficiency

In 3GPP RAN1#86bis, it was agreed that both same and cross-slot scheduling are supported in NR though there are no further agreements yet on how to support both. Assuming it’s configured by higher-layer, cross-slot scheduling can be applied to the basic DCI to enhance UE RF power efficiency if it is configured by higher-layer.  
Proposal #1: NR should support two-stage DCI – basic DCI & extended DCI. 
Table 1. Example of the information carried in basic DCI and extended DCI

	DCI type
	Control Information

	Basic DCI
	Radio resource allocation type for the scheduled data

	
	Radio resource allocation for the scheduled data
· If basic DCI is unicast, it’s the resource allocation for specific UE

· If basic DCI is multicast, it could be

· Opt 1: each UE has its own resource allocation in basic DCI

· Opt 2: basic DCI carries the union of resource allocation of group-UE. In this method, further indication of resource allocation for specific UE is needed in extended DCI

	
	Configuration of the extended DCI, e.g. size, modulation order

	
	Scheduling identification (e.g. RNTI in LTE)

	
	Multi-subframe scheduling indication
· Indicate aggregated subframe number

	Extended DCI
	Transmission scheme for the scheduled data
· Ex, MCS, multi-antenna schemes, applied dedicated pilots

	
	Second stage resource allocation information (Note: this information is required when basic DCI is multicast to a group of UEs)

	
	Indication of single-user or multi-user MIMO for the scheduled data

	
	Assistance information for interference cancellation

	
	Timing relationship information


 [image: image1.emf]PDSCH 1

Basic Scheduling Informaion

Extended Scheduling Information

Basic DCI

Extended DCI

Data

Time

F

r

e

q

u

e

n

c

y

Indication


Figure 1. Concept of the proposed 2-stage DCI
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Figure 2. Multi-slot scheduling
2.2 Transmission of Basic DCI
There are two options for the transmission of basic DCI:
· Option #1: Unicast basic DCI
· Option #2: Broadcast/multicast basic DCI

In both options, UE can perform blind detection over several predefined locations, e.g., search space, for basic DCI. Further, CRC bits could be attached to basic DCI for a UE to filter out the false detections.

In Option #1, single basic DCI carries scheduling information for one specific UE only and it is transmitted over UE-specific search space. Due to the unicast property, the scheduling overhead can be adjusted dynamically based on the number of scheduled UEs. However, UE ID, e.g. C-RNTI in LTE, is required in the basic DCI for UE’s DCI identification and it may introduce larger total DCI overhead, compared to Option #2. 
In Option 2, single basic DCI carries scheduling information for a group of UEs and it is transmitted over common search space or UE-group-specific search space. Different from unicast basic DCI, the scheduling identification carried by basic DCI is common or UE-group-specific. The scheduling information for each UE could be arranged based on:
· UE identification (e.g., C-RNTI in LTE)

· Higher-layer configuration

· UE identification and higher-layer configuration

Compared to Option #1, the overhead of CRC bits is less because the CRC bits are shared by UE group. In addition, higher channel coding gain (e.g. about 1dB performance gain by Polar code [1]) can be exploited due to larger DCI size.
With these two basic DCI options, a UE can monitor unicast basic DCI only in default, but also can be configured to monitor multicast basic DCI additionally. The group scheduling identification is signaled to a UE by higher-layer signaling if it is configured to monitor multicast basic DCI. The UE performs blind detection on UE-specific search space, UE-group-specific search space, or common search space depending on whether UE is configured to monitor multicast DCI. 
Proposal #2: NR should support at least unicast basic DCI.
Proposal #3: NR should allow a UE to be configured by higher-layer signaling to additionally monitor broadcast/multicast basic DCI.
2.3 Transmission of extended DCI

Extended DCI carries UE-specific scheduling information and its physical/logical location can be derived based on the physical/logical location of the associated basic DCI, signaling within the associated basic DCI or higher-layer signaling. Therefore, UE doesn’t perform blind detection for extended DCI. To support advanced receiver for efficient MU-MIMO operation, subband-based scheduling & assistance information can be carried by extended DCI. Unlike basic DCI and existing DCI design in LTE, the modulation order for extended DCI transmission can be adjusted according to channel quality. Higher modulation order, e.g., 16QAM, in addition to QPSK, can be used for better spectrum efficiency and it can be signaled in the associated basic DCI. In order to enhance the reliability of extended DCI, the following options can be considered to reduce the false alarm rate.
· Option #1: CRC bits within an extended DCI for a UE to filter out the false detections
· Better reliability with higher DCI overhead
· Option #2: A few checking bits with predefined values, e.g., 00 and 11, for a UE
· Poor reliability with lower DCI overhead
Proposal #4: NR should minimize the increase of UE blind detection complexity for 2-stage DCI, compared to LTE.
3. Conclusion
In this paper, we list all potential information carried by DL control channel and propose 2-stage DCI design. Based on discussion in previous section, the proposals are summarized as follows.
Proposal #1: NR should support two-stage DCI – basic DCI & extended DCI.
Proposal #2: NR should support at least unicast basic DCI.

Proposal #3: NR should allow a UE to be configured by higher-layer signaling to additionally monitor broadcast/multicast basic DCI.
Proposal #4: NR should minimize the increase of UE blind detection complexity for 2-stage DCI, compared to LTE.
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