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1
Introduction
In RAN1 #86b, the following agreements were reached regarding the scheduling of the sTTI operation:

Agreements:
· Select a sTTI scheduling scheme among the following candidates for each sTTI length:
· Single level DCI 
· RRC configuration of sPDCCH search space and/or sPDCCH frequency region

· UE-specific information in sDCI related to sPDSCH/sPUSCH

· Two level DCI 
· RRC configuration may or may not at least partially indicate sPDCCH frequency region/search space for some of the variants described below

· variant 1:
· Slow DCI: non UE-specific information in PDCCH 

· Fast DCI: UE-specific information in sDCI
· variant 2:
· Slow DCI: UE-specific information in PDCCH

· Fast DCI: UE-specific information in sDCI
· variant 3:
· Slow DCI: UE-specific information in PDCCH and/or sPDCCH

· Fast DCI: UE-specific information in sDCI
· Note: the sTTI scheduling scheme may be the same or different for different sTTI length

· FFS how to reduce the payload of sDCI/DCI messages for sTTI operation

· FFS support of multi-sTTI scheduling

· Additional L1 signaling related to sTTI operation can be considered.
In addition, in RAN1 #88, it was agreed to adopt the single-stage scheduling as a baseline, and further study the possibility of supporting sDCI2 as follows: 
· An sPDSCH/sPUSCH is scheduled by a UE-specific sDCI1
· sDCI1 provides all the necessary information to decode sPDSCH or transmit sPUSCH
· Legacy DCI content is the starting point for sDCI1
· Reduce payload size of sDCI1
· Increase the granularity of resource block assignment 
· FFS the applicability and granularity for each resource allocation type
· FFS: Jointly indicate some of the information
· FFS: which DCI fields to remove from the legacy DCI
· Other methods to decrease the sDCI1 size are not precluded
· FFS: Align the payload size for DL sDCI1 and UL sDCI1 for sPDSCH/sPUSCH scheduling 
· sDCI1 scheduling a single sPUSCH/sPDSCH is the baseline.
· Support of sDCI1 scheduling multiple sPUSCH/sPDSCH is for FFS;
· Multiple subframe scheduling for eLAA can be the starting point
· A UE is configured with at least sPDCCH frequency resource by higher layer signaling
· Whether sPDCCH frequency resource can be dynamically adjusted is dependent on the sDCI2 discussion
· If sDCI2 is supported, 
· The eNB configures one of the sTTI scheduling methods to a UE by RRC signaling:
· Single level scheduling: UE monitors sDCI1 in every sTTI.
· Two-level scheduling: UE monitors sDCI1 in every sTTI and sDCI2 in legacy PDCCH region.
· The candidates include the following information
· Aggregation level and/or candidates of sDCI1;
· PRB set to sDCI1 monitoring;
· Activation/deactivation information of sDCI1 monitoring 
· TPC command
· Note: Other candidates are not precluded
In this contribution, we provide some design details for the downlink control channel for shortened TTI, and the possibility of allowing for multi-sTTI grant.
2
A 2-Stage Scheduling Structure
This contribution paper gives a description of our design for the scheduling of a shortened TTI in a downlink of a low latency LTE system. Since it is critical to reduce the control overhead for a successful implementation of a low latency systems, the focus here is on describing an efficient two-level scheduling scheme.
A 2-stage scheduling scheme comprises two main components: (1) stage 0 DL and UL grants (sDCI2), and (2) stage 1 DL and UL grants (sDCI1). In particular, stage 0 uplink and downlink DCI grants can carry slowly varying portion of the user grants and a stage 1 uplink and downlink DCI can carry the more dynamic portion of the user grants. Both the stage 0 and stage 1 grants are user-specific. Hence, each of them can be tailored to convey information for a specific user as needed. 

The stage 0 downlink DCI carries the following information fields:

· Base MCS, which indicates a set of MCS values for rate adaptation to a large extent 

· Precoding information/antenna ports information

· TPC

· Stage 1 DCI scheduling information, e.g., the aggregation level for the user to monitor in the stage 1 grant.
· Similar to other sPDCCH related information, such as number of candidates, search space, etc., the aggregation levels can alternatively be signaled via RRC. 

The stage 0 uplink DCI carries the following information fields:

· Base MCS, which indicates a set of MCS values for rate adaptation to a large extent 

· Precoding information/antenna port information

· TPC

· DMRS cyclic shift – the cyclic shift to be used for the UL user’s DMRS transmission

The stage 0 grants are sent at a slower rate than the stage 1 grant. For example, they can be sent in the legacy PDCCH region, but are not required to be sent in every subframe. In particular, stage 0 grants are only sent when the slowly-varying parameters are needed to be updated. A transmission of a new stage 0 grant overrides any information sent to a particular user in a previously sent stage 0 grant.
In Table 1, the downlink and uplink stage 0 grant types are given with a tabulation of the bits allocated to each field.
	                                                     Field
	Stage 0 Downlink Grant
	Stage 0      Uplink Grant

	Base MCS
	4
	4

	Precoding Info
	0,3, or 6
	0,3, or 6

	TPC
	2
	2

	sPDCCH Aggregation Level
	2
	NA

	DMRS Cyclic Shift Resource
	NA
	3


Table 1: Bit Allocation for Stage 0 Downlink and Uplink Grants
The stage 1 downlink DCI carries the following information fields: 
· HARQ process ID (3 or 4 bits depending on the sTTI length as well as the configured processing timeline.)
· Resource assignment information: This identifies the sTTI blocks that are allocated to a given user. For example, for 4 sTTI configured blocks, where each block is defined as a collection of some RBGs, 3 bits can be allocated to identify which blocks are used for the downlink user’s sPDSCH allocation. It is always assumed that the sTTI block where a particular user receives this stage 1 DL grant is used for sPDSCH – the 3 additional bits indicate all usage combination of the remaining 3 sTTI blocks.  

· The sPDSCH rate matching indicator: This indicator is used to identify the separation between sPDCCH and sPDSCH resources within the sTTI block such that data allocation rate matches around the allocated sPDCCH resources. More details of this field is given later in this contribution.
· NDI

· RV/MCS information: when which is used with the MCS information from the stage 0 grant to formulate the overall MCS configuration. Usage as RV or MCS conditioned on NDI being zero or one, respectively.
· DMRS trigger: For a 2-symbol sTTI only, to indicate the transmission of the DMRS in the 2-symbol downlink sTTI.

The stage 1 uplink DCI carries the following information fields:

· HARQ process ID 
· NDI

· RV/MCS information, which is used with the MCS information from the stage 0 grant to formulate the overall MCS configuration. Usage as RV or MCS conditioned on NDI being zero or one, respectively.
· sTTI pattern indicator: This bit filed is used to indicate the presence/absence of the DMRS symbol as well as the location of the DMRS and data symbols within an sTTI (applicable to 2-symbol TTI case.)

As described in our companion paper [1], for both CRS-based and DMRS-based sPDCCH, the DL and UL search spaces are separated such that (1) their decoding is independent, and (2) unused sPDCCH resources can be used efficiently for sPDSCH.
With the application of the 2 stage grant structure, it is expected that the overall control overhead is reduced by partitioning and sending the control information at two separate rates.  

In Table 2, the 4 grants types are given with a tabulation of the total bits allocated to each field.

	                                                     Field
	Stage 1 Downlink Grant
	Stage 1      Uplink Grant

	HARQ Process ID
	3
	3

	Resource Assignment
	2
	2

	sPDSCH Rate Matching Info
	3
	NA

	RV / MCS
	2
	2

	NDI
	1
	1

	Uplink CSI Trigger
	NA
	1

	DMRS Trigger/sTTI Pattern
	1
	2


Table 2: Bit Allocation for Stage 1 Downlink and Uplink Grants

Proposal 1: A 2-stage UE-specific grant structure should be supported at least in a 2-symbol low latency LTE system. Stage 0 grants can be sent in the legacy PDCCH region, while stage 1 grants are sent in the sTTI block. The bits are partitioned such that slowly-varying fields of the stage 0 grant are sent at a slower rate than the faster varying fields of the stage 1 grant.
Under the 1-slot operation, although the control overhead is not as significant compared to the 2-symbol operation, adopting a common design for both modes of operations is preferred. Hence, we have:
Proposal 2: A 2-stage per-user grant structure can also be adopted in a 1-slot low latency LTE system. 
3
Additional Design Details 
In this section, we provide additional design considerations for the implementation of a 2-stage sTTI scheduling. In particular, the following topics are discussed:
1. sPDCCH search space and frequency resource determination

2. Stage 0 and stage 1 decoding timeline.
The search space and frequency resources used for the stage 1 grant can be configured in different ways: (1) semi-statically via a higher-layer signaling, or (2) dynamically where the stage 0 grant indicates one set of search space/resources out of the ones indicated via a higher-layer signaling. The benefit of option 1 is that in case the stage 0 grant is missed, by relying on the resource sets provided by RRC, a user should be still able to decode the stage 1 grant. However, for option 2, if stage 0 grant is missed by a UE, the UE and the eNB may be misaligned in terms of which resource set is associated with subsequent stage 1 transmissions. Note that a typical error rate of control signal decoding is 1%. In order to alleviate the issue of misalignment, it is certainly possible to further reduce the miss detection probability by implementation, e.g., via using a higher aggregation level or performing power boosting. This comes at the expense of additional resource utilization. In addition, option 2 requires the addition of a bit field within the stage 0 grant. Therefore, we propose: 
Proposal 3: The stage 1 search space/frequency resources and number of candidates are defined only via a higher-layer signaling. 
As mentioned earlier, the stage 0 grant not only provides some information needed for sPDSCH decoding, but could also include some bit fields needed for the stage 1 control decoding, e.g., the aggregation level that should be used. As a result, the stage 1 grant decoding cannot be initiated before the stage 0 decoding is completed. Given that the stage 0 grant is located within the legacy PDCCH region, its decoding may take long. Hence, the overall decoding delay of each sPDSCH can be significantly increased. This impact is more pronounced for the first few sTTIs located closer to the PDCCH region. Thus, it is essential to untie the decoding procedure of the two grants.

To accomplish this task, different approaches can be taken. First, if the stage 0 grant does not include any information related to stage 1 grant, its decoding process can be launched even before the stage 0 grant is completed. Instead, this information, e.g., the aggregation levels, can be conveyed via RRC signaling. Alternatively, different action times can be defined for stage 0 and 1 grants. As an example, the stage 0 grant sent in subframe n is become effective only in the subsequent subframe. Then, by the time the sTTIs scheduled after subframe n are received, the stage 0 grant is already decoded. Thus, these sTTIs can all follow the same decoding timeline regardless of their locations relative to the legacy PDCCH region.

Proposal 4: If sDCI2 is adopted, the decoding timeline of stage 0 and 1 grants should be independent. This can be done by either defining different action times for these grants, or communicating the sDCI1 decoding information via a higher layer signaling.  
4
Multi-sTTI Scheduling

As mentioned before, it is important to reduce the control overhead in sTTI operation. One way to do this could be to allow for one DL/UL grant to schedule multiple sTTIs. However, if the first grant is missed, multiple DL/UL transmission opportunities will be wasted. This, in turn, increases the overall latency. Considering this issue, the benefit of adopting multi-sTTI scheduling should be carefully studied.
Proposal 5: Further study the benefits and shortcomings of a multi-sTTI scheduling scheme in terms of both control overhead reduction and reliability.
5
Conclusions 
In this contribution paper, we discuss the details of a 2-stage sTTI scheduling scheme in a low latency LTE system. Our proposals are summarized as follows:

Proposal 1: A 2-stage UE-specific grant structure should be used at least in a 2-symbol low latency LTE system. Stage 0 grants can be sent in the legacy PDCCH region, while stage 1 grants are sent in the sTTI block. The bits are partitioned such that slowly-varying fields of the stage 0 grant are sent at a slower rate than the faster varying fields of the stage 1 grant.
Proposal 2: A 2-stage per-user grant structure can also be adopted in a 1-slot low latency LTE system. 

Proposal 3: The stage 1 search space/frequency resources and number of candidates are defined only via a higher-layer signaling. 
Proposal 4: If sDCI2 is adopted, the decoding timeline of stage 0 and 1 grants should be independent. This can be done by either defining different action times for these grants, or communicating the sDCI1 decoding information via a higher layer signaling.  
Proposal 5: Further study the benefits and shortcomings of a multi-sTTI scheduling scheme in terms of both control overhead reduction and reliability.
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