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1. Introduction
 At the RAN#71 meeting, the new SID proposal “Study on New Radio Access Technology” (NR) was approved [1]. And during the previous RAN1 meetings, the features of scalable numerologies, possible mini-slot based scheduling, and flexible scheduling / HARQ timing were discussed and identified as below. 
	Agreements:
· For NR, it is necessary to support more than one values of subcarrier-spacing
Agreements:
· Followings are considered as starting points of NR frame structure at least within the CP overhead 

· Subframe

· Already agreed upon

· Assume x=14 in the reference numerology for subframe definition (for normal CP)

· FFS: y=x and/or y=x/2 and/or y is signalled
· Slot

· Slot of duration y OFDM symbols in the numerology used for transmission

· An integer number of slots fit within one subframe duration (at least for subcarrier spacing is larger than or equal the reference numerology)

· The structure allows for ctrl at the beginning only
· The structure allows for ctrl at the end only
· The structure allows for ctrl at the end and at the beginning
· Other structure is not precluded

· One possible scheduling unit

· Mini-slot

· Should at least support transmission shorter than y OFDM symbols in the numerology used for transmission

· May contain ctrl at the beginning and/or ctrl at the end

· The smallest mini-slot is the smallest possible scheduling unit (FFS: smallest number of symbols)

· Note: the names are for the purpose of discussion. Whether some terms can be merged or not is FFS
· FFS whether NR frame structure needs to support both slot and mini-slot or these can be merged
Agreements:
· The following is supported for NR 

· From UE perspective, HARQ ACK/NACK feedback for multiple DL transmissions in time can be transmitted in one UL data/control region is supported
· Some or all of the following timing relationships can be indicated to a UE dynamically by the L1 DL signaling (FFS: explicit or implicit)

· Timing relationship between DL data reception and corresponding acknowledgement
· Timing relationship between UL assignment and corresponding UL data transmission
· Note: Default value, if any, for each timing relationship is FFS (agreement from RAN1 #85)
· Note: Potential values for each timing relationship has to be studied further considering e.g., UE processing capability, gap overhead, UL coverage, and etc. (agreement from RAN1 #85)
· Note: Other means of indicating the timing relationship are not precluded
· Some or all of the following timing relationships can be indicated to a UE semi-statically (FFS: explicit or implicit)

· Timing relationship between DL data reception and corresponding acknowledgement
· Timing relationship between UL assignment and corresponding UL data transmission
· Note: Default value, if any, for each timing relationship is FFS (agreement from RAN1 #85)
· Note: Potential values for each timing relationship has to be studied further considering e.g., UE processing capability, gap overhead, UL coverage, and etc. (agreement from RAN1 #85)
· Note: Other means of indicating the timing relationship are not precluded


One of the targets for NR discussion in this meeting is to study the DL control channel design. In this contribution, we will address this topic by taking account the identified NR features. Firstly, high-level requirements on the DL control channel design will be analyzed. Then possible design aspects including downlink control information (DCI), search space design, physical downlink control channel will be discussed. Meanwhile, our initial views will be revealed. 
2. High-level requirements on DL control channel(s)
Considering the main target of the NR and the use cases, the following requirements on DL control channel design should be considered. 
· High reliability:
· The requirement may be very different depending on the carrier frequencies, deployment scenarios, target use-cases, etc. NR will be required to cover extremely wide range of those factors. Taking carrier frequency as an example, for lower carriers (e.g., below 6GHz), BLER performance/link-budget should be comparable with LTE, so that LTE network can be replaced by NR in the future. For this carrier frequency range, antenna configuration could not be much aggressive, and would be similar to LTE case. Therefore, channel structure should ensure sufficient reliability by its design. For higher carriers (e.g., millimeter wave such as 30GHz), reasonably good performance with high efficiency/flexibility would be desired. Massive MIMO beam-forming can be a baseline for guaranteeing its reliability.
· Short processing delay: 
· For dynamic scheduling, DCI in a DL control channel is a trigger of DL data reception and/or UL data transmission for a UE. Until DCI decoding is finished, the UE cannot get exact information on which time/frequency/spatial resource the data is scheduled, and by which MCS the data is modulated. Early completion of DCI decoding is highly beneficial to start scheduled data encoding/decoding and transmission/reception earlier, which could result in increasing available processing time for DL data decoding or UL data encoding. In the existing LTE system, PDCCH is mapped at the beginning of the LTE subframe, and EPDCCH is mapped across the whole LTE subframe. For NR, at least for eMBB and URLLC use-cases in which shorter latency is beneficial, due to the above reason, DL control channel at the beginning of the scheduling unit (e.g., slot or mini-slot) is more desirable. 
· High spectral efficiency: 
· Support of the spatial-domain multiplexing is one possible aspect to achieve high spectral efficiency. And this kind of approach was already supported in EPDCCH in LTE system. For EPDCCH, multiple UEs can share the same time-frequency resource by using different DM-RS ports. For the NR, such kind of approach can be considered/enhanced as well. 

· Making good use of the physical resource so as to avoid blanking resource is another direction to improve the spectral efficiency. In LTE, the control region and data region are defined orthogonally. In the control region, it is highly possible that the physical resources are not fully occupied by the DL control channels and the data can’t utilize the blanking resource in the control region, either. In NR, the amount of unused resource should be minimized for high spectral efficiency. Thus, mechanisms enabling resource sharing between DL control channel and data should be considered to allow the data to utilize the blanking resource in the control region. 
· Less signaling overhead in one DCI can also contribute to high spectral efficiency. On the other hand, large payload size of DCI brings larger information of scheduling. The DCI payload should be optimized taking into account the scenarios, use-cases, and carrier frequencies. Unnecessary information should not be included in DCI. 
· Power saving: 
· Control channel decoding is one component of power consumption. UE shall perform blind decoding for DL control channel candidates in parallel at each potential scheduling unit (e.g., slot or mini-slot). To achieve power saving, solutions to minimize the number of control channel blind decoding should be investigated. 
· Another aspect for power saving is allowing micro sleep. Until DCI decoding is completed, UE cannot understand whether the UE has a scheduled data on the scheduling unit. One possible way is mapping the control channel at the beginning of the scheduling unit (e.g., slot or mini-slot). Once control channel is not detected, the devices can perform micro sleep during the remaining of the scheduling unit (e.g., slot or mini-slot). However, even with this approach, completion of DL control channel decoding will not be zero-delay, and hence the UE shall continue storing DL data for the possible scheduling unit. Therefore, additional signalling that indicates the scheduling situation for the later time such as two-stage DCI [2][3] discussed in the WI “Shortened TTI and processing time for LTE” can be further investigated whether to offer this benefit as well in NR. 
· High flexibility: 
· In the NR, scalable numerologies will be defined. It is highly desirable that the DL control channel could work smoothly in different numerologies. 
· Flexible scheduling timing and HARQ feedback timing was already agreed for the NR in previous meetings [4]. Supporting these features by DL control channel such as including related parameters in the DCI can be considered 
· For wider sub-carrier spacing (SCS) such as 15kHz and 30kHz, NR should support longer scheduling unit (slot or multiple slots, which corresponds to 7 symbols or more) and shorter scheduling unit (mini-slot, which corresponds to less than 7 symbols (e.g., 2 symbols)) to offer both shorter latency and higher spectral efficiency. The DL control channel for NR should enable scheduling these different scheduling units. FFS whether a single common design can cover these cases or separate optimization is necessary. 
Proposal 1: 
· The design of DL control channel in NR should satisfy the following requirements
· High reliability
· Short processing delay
· High spectral efficiency
· Power saving
· High flexibility
3. Possible designs of DL control channel(s)
DL control channel mainly involves the aspects of DCI, search space and physical DL control channels. Possible design of these involved aspects will be discussed in this section. 
3.1. DCI
· Possible necessary fields in DCI scheduling DL data or UL data
Similar to the LTE system, the DCI scheduling DL/UL data could include not only the scheduling information for the data but also include the scheduling information for the corresponding HARQ of the scheduled data.

From the perspective of data scheduling, it is natural to include the information of resource allocation, MCS, HARQ process in DCI. Furthermore, for the resource allocation field, besides the resource allocation in frequency domain, at least for UL data scheduling, the resource allocation in time domain should be included as well. The resource allocation in time domain should convey the information of starting transmission time so as to enable the flexible scheduling timing and the transmission duration, if necessary to support the possible multiple-scheduling unit scheduling. Precoding related information may be included, which depends on how the multiple-antenna transmission schemes carried out. 
As for the scheduling information of related HARQ, RAN1 agreed support of flexible HARQ-ACK feedback timing. To align the understanding of HARQ timing between base station and UE, related parameters to determine the HARQ timing can be indicated by the DCI. Besides, it was also agreed that HARQ-ACK feedback for multiple DL transmissions in one UL data/control region is supported. In this case, a certain field similar to DAI can be employed to ensure the understanding of the scheduled DL data with a good robustness and a reasonable overhead increase in the DCI. In addition, it is also possible that a field to determine the HARQ resource such as ARI may be included, which depends on the HARQ resource determination mechanism. 
Based on the above discussion, the possible necessary fields in DCI are summarized as follows. 

	· Scheduling information for the data

· Resource allocation fields
· Frequency domain 
· Time domain including the starting transmission time (and the transmission duration time if multiple subframe scheduling is supported) 

· MCS indicator
· HARQ process number indicator
· Precoding related information which depends on how beam-forming carried out 

· Scheduling information for the corresponding HARQ of the scheduled data

· DAI-like signaling (for DL assignment DCI)
· HARQ timing indicator
· TPC command
· HARQ resource information which depends on the HARQ resource determination mechanism. 


· Transmission manner: 

According to the existing LTE design and the related discussion in the WI “Shortened TTI and processing time for LTE”, two types of DCI transmission manner can be considered as shown in Figure.1. 
· Single-stage DCI transmission: the scheduling information for both data and corresponding HARQ is included in one DCI. And this DCI applies to one scheduling unit and would be transmitted in each scheduled scheduling unit.  
· Two-stage DCI transmission: the scheduling information are split into two DCIs which called slow DCI and fast DCI respectively. The slow DCI contains some scheduling information which could vary slowly. The contents in the slow DCI applies to more than one scheduling units and may be monitored by multiple UEs or by one specific UE. The fast DCI includes the scheduling information varies dynamically such as MCS which applies to one scheduling unit and usually monitored in UE-specific way. There could be various options on scheduling procedure with the two-stage DCI, and each option has different advantage/disadvantage.
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Figure 1 Examples of DCI transmission manner
One potential benefit of two-stage DCI is reducing the signaling overhead of each fast DCI compared with the single-stage DCI, since some common information for the multiple scheduling units is abstracted in slow DCI and just transmitted once during these scheduling units [2][3]. Another potential benefit is power saving. It may also allow micro sleep on the UE side. For example, once the slow DCI is not detected, UE can go to sleep during the subsequent several scheduling units while the single-stage DCI transmission manner requires UE to detect at each scheduling unit. However, at the slow DCI transmission timing, gNB scheduler does not know whether there is a traffic for each of the scheduling unit within the slow DCI region. Therefore, gNB needs to transmit the slow DCI in every slow DCI timing, unless it can predict future traffic. This implies that the signaling overhead of slow DCI region rather increases, and UE cannot sleep since slow DCI is always detected. Hence, single-stage DCI should be baseline as in LTE, and further investigation is needed to figure out whether two-stage DCI offers additional benefit, taking the exact design and use case into consideration. 
Proposal 2: 
· Adopt single-stage DCI as the baseline.
· Investigate whether two-stage DCI transmission offers extra benefit in NR use-cases.
3.2. Search space 
Regarding the search space design, firstly we should be clear on which search space types would be supported. It is natural to define UE-specific search space (USS) to enable the UE-specific scheduling. In addition, considering the need for scheduling of some UE-common information such as system information, common type of search space (CSS or group-SS) is needed as well. Given the fact that scalable numerologies can be supported in the network and probably one default numerology would be defined for a given carrier, the following three options for the configuration of common type of SS can be drawn from network perspective and further investigation is needed to figure out the feasible one. 
· Opt.1: One CSS is transmitted in the default numerology area and applies to all UEs monitoring this carrier. 
· Opt.2: Within one carrier, one group-SS is defined for each numerology and applies to the UEs monitoring this numerology 
· Opt.3: One CSS applying to all UEs monitoring this carrier is defined within the default numerology area. In addition, group-SS for each numerology is further defined within corresponding numerology area. The CSS in the default numerology area can schedule information common in the carrier and the group-SS for each numerology can schedule some numerology specific information. 
The second issue for search space is the exact design considering the support of scalable numerologies. Different numerologies target to different use cases or services which have quite different requirements, or to different carrier frequencies. For example, wider SCS is mainly applied to eMBB of higher carrier frequencies and/or the URLLC which requires high reliability and ultra-low latency, and smaller subcarrier spacing is mostly applied to eMBB/URLLC of lower carrier frequencies and/or mMTC service which requires power saving. Thus, it is better to take the requirements/features of the supported services into consideration when designing search space for different numerologies. For example, higher aggregation level can be set in the search space with numerology supporting URLLC so as to provide more reliable transmission and less number of blind decoding candidates can be configured for the search space with numerology supporting mMTC to save power. 
How to design the search space monitoring on UE side is the third issue. From one UE perspective, it is possible to multiplex different numerologies in TDM and/or FDM within/across (a) subframe duration (s) [4]. When multiple numerologies are monitored by one UE, how to monitor its USS is one issue. Note that this case may occur not only within the same carrier, but also between different carriers (e.g., carrier aggregation between, e.g., 4GHz carrier and 28GHz carrier). For a single numerology case on a given carrier, UE performs blind decoding for a given number of DL control channel candidates. Then, if a UE is required to monitor DL control channel candidates on multiple numerologies, it is desirable not to increase the number of blind decoding a lot. For example, when the monitored numerologies are multiplexed in FDM within one carrier, following two options for the search space monitoring to avoid the increase of blind decoding can be considered. 
· Opt.1:  All the blind decoding candidates of one USS are located in one numerology area 

· Opt.2: The blind decoding candidates of one USS are partitioned among the areas of monitored numerologies
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Figure 2 Illustration of the USS monitoring
Proposal 3: 
· Support both UE-specific search space and common type of search space

· The configuration of common type of search space is FFS

· Allow different search space configurations for different numerologies
· Investigate the search space monitoring among different numerologies

3.3. Physical downlink control channel 
In LTE system, the basic unit to form one (E)PDCCH is (E)CCE consisting of 36 REs. Different number of (E)CCEs could construct (E)PDCCH with different aggregation levels, which provides various channel coding rates to adapt the variation of channel status. This kind of design principle works well in current LTE system and would be promising also for NR. Thus, the principle of (E)PDCCH structure could be set as a starting point when we discuss the structure of physical downlink control channel for NR. 
As we discussed in section 2, the orthogonal resource partition between control region and data region would result in some blanking resource in the control region, which lead to resource wastage and lower the spectral efficiency. To avoid the situation, resource sharing between control region and data region would be necessary. Furthermore, to enable the UE detect the control information as early as possible, mapping the DL control channels at the beginning of the scheduling unit (e.g., slot or mini-slot) would be better. 
Regarding the transmission scheme for the physical downlink control channel, beamforming-based transmission such as beam sweeping and diversity-based such as SFBC (and OSTD) are candidate options. It is desirable to apply the beamforming-based transmission to the downlink control channel to achieve spatial multiplexing and then harvest higher spectral efficiency. But on the other hand, considering the beamforming-based transmission is not always enabled and the diversity-based transmission could provide good robustness, then supporting transmission diversity so as to provide certain fall back when beamforming transmission is absent seems necessary. Hence, we propose to support the diversity-based transmission at least for the case where beamforming based transmission is not supported. While, how the transmission scheme is detected needs further study. 
Proposal 4: 

· The structure of LTE DL control channel can be set as the starting point for the structure of NR DL control channel
· Consider resource sharing between DL control channel and DL data 
· Map the DL control channel at the beginning of the scheduling unit
· Support transmission diversity at least for the case where beamforming-based transmission can’t be supported 
4. Conclusion
In this contribution, we share our views on the high-level requirements on the DL control channel design and also discuss the possible design aspects in terms of DCI, search space and physical control channel. Our proposals are summarized as follows
Proposal 1: 
· The design of DL control channel in NR should satisfy the following requirements
· High reliability
· Short processing delay
· High spectral efficiency
· Power saving
· High flexibility
Proposal 2: 
· Adopt single-stage DCI as the baseline.
· Investigate whether two-stage DCI transmission offers extra benefit in NR use-cases.
Proposal 3: 
· Support both UE-specific search space and common type of search space

· The configuration of common type of search space is FFS

· Allow different search space configurations for different numerologies
· Investigate the search space monitoring among different numerologies

Proposal 4: 

· The structure of LTE DL control channel can be set as the starting point for the structure of NR DL control channel
· Consider resource sharing between DL control channel and DL data 
· Map the DL control channel at the beginning of the scheduling unit
· Support transmission diversity at least for the case where beamforming-based transmission can’t be supported 
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