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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]In the RAN1#87 meeting, downlink control channel design was discussed for NR [1]. Particularly, two-stage downlink control structure provides many benefits as summarized in [1]. In this contribution, the benefits of two-stage downlink control structure including blind detection reduction, control resource offloading, forward compatibility and scheduling gain are analyzed, the corresponding design of two-stage downlink control structure is briefly discussed. 
Benefits of two-stage downlink control structure
According to [1], several benefits are recognized as follows: 
· Blind detection reduction
It is desirable to support dynamic adaptation between different transmission schemes in NR [2][3]. In terms of transmission schemes, at least one transmission parameter set was agreed to be indicated by physical layer (e.g. NR PDCCH channel) [4]. The number of DCI formats will increase compared to LTE, and, in turn, the number of blind detections will increase due to lots of DCI formats. Furthermore, as designed in LTE, the number of bits for resource allocation field in DCI is different when system bandwidth is changed, thus the DCI payload size is different.  Accordingly, the number of blind detections will further increase if it is assumed that a data transmission for a UE is dynamically scheduled between a first RF bandwidth and a second RF bandwidth. If only single-stage DL control (e.g. PDCCH in LTE) is supported in NR, the number of blind detections will be hard to reduce as analyzed in [5]. It can be imagined that the design of DCI formats will be challenging, the increased number of blind detections will introduce too much complexity, power consumption and extra decoding latency for a UE.
Instead of single-stage DCI, two-stage DCI will facilitate the reduction of blind detections as mentioned in [1][6][7][8][9]. The first-step DCI can be designed with a fixed payload size and will be used to indicate the payload size of the second-step DCI. Accordingly, the number of blind detections for the first-step will be reduced due to the fixed payload size and the number of blind detections for the second-step DCI is dramatically reduced due to pre-known information indicated by the first-step DCI. It is possible even that the blind detection can be totally avoided for the second-step DCI.
· Control resource offloading
In the very early meeting of RAN1#84bis for NR, maximizing the amount of time and frequency resource that can be flexibly utilized and minimizing transmission of always-on signals were agreed for the support of forward compatibility [10], which also requires minimum reserved resource for control channel especially for the single-stage DCI which is transmitted at the beginning (e.g. the first one or a few symbols) of a slot. On the other hand, the control capacity should be considered which can balance the system resource between control and data to maximize the system throughput and data rate. As ePDCCH introduced in LTE Rel-11, one key motivation is to extend PDCCH capacity and ePDCCH is designed to be located in PDSCH region and FDM-multiplexed with PDSCH. In NR, control channel capacity is also a significant issue and should be addressed at the beginning of downlink control design.
There is little opportunity for single-stage DL control channel to avoid the congestion within the minimum reserved/configured resources at the beginning of a slot. Then, limited capacity of the single-stage DL control channel will degrade the system performance. However, for two-stage DL control channel, minimum control information in the first-step DCI will be received at the minimized reserved resources for control channel (e.g. 1 or 2 symbols at the beginning of a slot) [1][11]. Other control information in the second-step DCI will be received within the data region, so long as the time-frequency resource is available for data transmission, the second-step DCI could be embedded in the data region and the capacity of the second-step DCI is not an issue at all. The control resource can be flexibly offloaded to the data region.
· Forward compatibility
The forward compatibility is emphasized as a key requirement for NR. The basic framework of NR including frame structure and numerology should be inherently forward compatible, at the same time, the downlink control channel design (e.g. DCI formats) should also support forward compatibility. 
Recall new features introduced from Rel-9 to Rel-14 in LTE, several DCI payload sizes and formats were introduced or redesigned. In order to keep the same number of blind detections as Rel-8 for a single carrier operation, some DCI formats for new transmission schemes can only be enabled with the configuration of new transmission mode by using semi-static RRC signaling. In addition, only the latest released UEs support new features. However, from a system perspective, based on these limitations, the system performance will be limited and even new feature cannot be applied. One example from LTE is that TM9 is not broadly implemented in the LTE commercial deployments because the network should consider lots of Rel-8/9 legacy UEs distributed in the network. 
In terms of DCI design for forward compatibility, it is expected that the number of payload sizes and DCI formats can flexibly changed to support additional or new features. In this case, the DCI management is necessary. One example is only a common part of DCI will be contained within first-step DCI, the additional DCI with flexible payload size can be designed or extended in the second-step DCI with the first-step DCI indication. The impact on the blind detection can be minimized [1][9].
· Exploit channel state information 
At least for data scheduling, gNB can obtain channel state information (CSI) from UEs and the link adaptation gain can be achieved based on CSI feedback. The control channel transmission can also use the same mechanism for link adaptation gain, but for the single-stage downlink control, additional blind decoding on the control channel to decide the transmission parameters (e.g. modulation order) will increase complexity and potentially degrade the performance as mentioned in [12], moreover, separate CSI from data scheduling is needed which will increase CSI feedback overhead and the gain will be degraded. However, the two-stage DL control channel especially that the second-step DL control channel is located at the data region is quite straightforward to reuse CSI feedback for data scheduling. In this case, the link adaptation gain can be achieved for the second-step DCI transmission. Furthermore, the aggregation level or modulation order can also be adjusted according to the CSI [12] and note that relatively higher modulation order can be used for the second-step DL control channel to further reduce the control overhead. Moreover, it does not increase the number of blind detections since the resource and modulation order can be indicated by the first-step DL control channel. 
Conclusion 1: Two-stage downlink control structure has benefits over single-stage downlink control channel at least for blind detection reduction, control resource overhead minimization, DCI design for forward compatibility, link adaptation and scheduling gain.
Proposal 1: Support two-stage DCI:
· The first-step DCI has one payload size, and requires blind detections by the UE.
· The second-step DCI can support flexible payload sizes but the detailed payload size of the second-step can dynamically be indicated in the first-step DCI. The second-step DCI does not require blind detection by the UE.
Two-stage DL control channel structure
A two-stage DL control channel as one example is shown in Fig. 1. A first-step DL control channel located at the front (e.g. the first one or a few symbols) of a slot is supported in a DL only slot, a DL-dominant slot and a UL-dominant slot. The first-step control channel can use the same or different control resource set which is used for single-stage DL control channel. 
The second-step control channel can be embedded in the data region in DL-dominant slot or DL only slot. The resources for second-step DL control channel and at least part of time-frequency resources for data can be indicated by the first-step DL control channel. In this case, the resources for second-step DL control channel can be scheduled according to the channel state information (CSI). Scheduling gain can be obtained at the second-step DL control channel. 
[image: ]
[bookmark: _Ref450663430][bookmark: _Ref465848481]Fig. 1 An example of two-stage downlink control channel.
Proposal 2: The two-stage DL control channel has the following structure: 
· A first-step DL control channel located at the beginning (e.g. the first one or a few symbols) of a slot, which can use the same or different  control resource set(s) configured for single-stage DCI
· A second-step DL control channel scheduled in the PDSCH region where the resource of PDSCH region is indicated in the first-step DL control channel
Conclusions
The contribution firstly discusses the benefits of two-stage control channel design, and then provides one example for two-stage downlink control channel structure for NR. Based on the discussion, we can conclude the following proposals:
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion 1: Two-stage downlink control structure has benefits over single-stage downlink control channel at least for blind detection reduction, control resource overhead minimization, DCI design for forward compatibility, link adaptation and scheduling gain.
Proposal 1: Support two-stage DCI:
· The first-step DCI has one payload size, and requires blind detections by the UE
· The second-step DCI can support flexible payload sizes but the detailed payload size of the second-step can dynamically be indicated in the first-step DCI. The second-step DCI does not require blind detection by the UE.
Proposal 2: The two-stage DL control channel has the following structure: 
· A first-step DL control channel located at the beginning (e.g. the first one or a few symbols) of a slot, which can use the same or different control resource set(s) configured for single-stage DCI.
· A second-step DL control channel scheduled in the PDSCH region where the resource of PDSCH region is indicated in the first-step DL control channel.
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