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Discussion and Decision
1. Introduction
At RAN1 meeting #86, companies agreed that
· The DL sTTI length of a UE is indicated by eNB
· FFS details of configuration (based on RRC or PDCCH)
· Legacy PDCCH can be used to transmit sDCI (DCI for sPDSCH and/or sPUSCH) .
· QPSK is used for sPDCCH.
· Tail biting convolutional coding is used for sPDCCH.
· For CRS-based sPDCCH, 
· In time domain,
· sPDCCH is transmitted from the first OFDM symbol within an sTTI
· sPDCCH is not mapped to the PDCCH region.
· FFS number of OFDM symbols of the sPDCCH
· Frequency resource for sPDCCH can be informed by eNB. 
During RAN1 #84 most of the companies agreed that some upper bound on the number of blind decodes needs to be introduced. However, it could not be agreed on how this restrictions should be formulated. Furthermore, the outcome of SI [2] states: “From resource utilization perspective, sPDSCH assigned by a sPDCCH can be mapped to resources that are left unused by any sPDCCH.”
In this paper we address search space design for sTTI capable UE. In Section 2, we discuss which search spaces a sTTI capable UE should monitor and how to reduce the number of blind decodes within those search spaces. In Section 3, we introduce the sPDCCH short search-space (sUSS) designs enabling efficient reuse of unused control resources for data. 
2. On reduction of search spaces monitored by the sTTI capable UE  
According to agreement from the previous meeting, the legacy PDCCH may carry short DCIs scheduling short PDSCH and short PUSCH. Therefore, a UE configured in the reduced latency mode will be required to read the user-specific search space (USS) in PDCCH also for its sTTI operation. In addition, an eNB should be able to schedule the UE in fall-back mode from CSS with legacy TTI and timing. And in any case, the UE needs to monitor CSS for system information, paging and etc. In addition to CSS and USS, the UE configured with shorter TTI operation will be required to monitor sUSS in sPDCCH for sTTI UL grants and DL assignments. 
Proposal-1: A UE configured for short TTI operation is required to monitor CSS+USS on PDCCH and sUSS on sPDCCH.
In the following we will discuss whether and how the number of blind decodes performed by a UE configured with LR mode can be reduced on each of above search spaces.
Reduction of the blind decodes on the CSS
The legacy CSS comprises altogether six candidates which can contain system information (using the SI-RNTI), paging (P-RNTI), PRACH responses (RA-RNTI), or UL TPC commands (TPC-PUCCH/PUSCH-RNTI), scheduling of UE in the fall-back mode with Format 0/1A and also slow DCI. Therefore, reductions in CSS are clearly not possible. Furthermore, in order to reduce processing time needed by UE to blind-decode the slow DCI for sTTI [1], a single pre-configured candidate position in the CSS could be used for it.
Observation-1: Reduction of blind decodes in CSS on PDCCH is not possible.
Reduction of the blind decodes on the USS and sUSS
The number of blind decodes performed by a UE may be reduced by several methods. The reduction of USS has been studied as well in the Rel-14 CA beyond 5 CC WI, where two different methods to reduce the number of USS BDs in the end had been specified, namely (i) reducing the number of USS candidates on a carrier, and (ii) disabling monitoring for DCI format 0/1A. These two methods have two underlying principles, namely reducing the number of BDs through reducing the number USS candidates within a subframe and reducing the number of DCI formats the UE would need to search for. 

Observation-2: The number of BDs can be limited by reducing the user-specific search space and by reducing the number of DCI formats a UE has to monitor.
It is obvious that the total number of blind decodes will have to be shared between USS on PDCCH and several sUSSs on sPDCCH, each in one sTTI. For example, if the total budget of 32 blind decodes (as in legacy USS) would have to be shared equally between 6 sUSS/USS instances scheduling 2OS fast DCIs and USS instance scheduling legacy TTI, it would result in the budget of at most 4-5 blind decodes per one scheduling instance.

Observation-3: Keeping the total number of allowed BDs per subframe the same as in legacy, will result in a small number of BDs allowed in a single 2OS-sTTI sUSS.
There are two additional things to consider when defining the overall total number of blind decodes. First, we do not only need to consider sDCI scheduling for sTTI but also the 1ms TTI operation for the same UE requiring also some BDs. Dynamic switching to legacy TTI was found beneficial during SI, therefore the performance of legacy should not be jeopardized by dramatic reduction of the legacy search space, resulting into blockings and scheduling restrictions. Clearly the number of BDs per sTTI need to be reduced in order to be able to have a low latency in the DL control decoding for sTTI but at least for legacy 1ms TTI operation there should be more time available to anyhow perform the blind decodes. Moreover, low latency operation requires improved processing capabilities at the UE side anyhow. Thus, considering the total number of blind decodes within a subframe without differentiating between sTTI BDs (and these independent of the DL sTTI length) and 1ms TTI BDs seems not reasonable. 
We think it would be more useful to see the sTTI BDs as a separate resource for sTTI capable UEs on top of 1ms TTI operation. Just as an example here, a UE with 2-symbol sTTI configured could be required to still perform legacy 32BDs on USS looking for 1ms TTI grants (where the latency is not such an issue) and in addition to be required to monitor for 6*6BDs in total per subframe for sDCIs on USS & sUSS. For 7-symbol/1-slot TTI a slightly larger number of BDs per sTTI could be thought of, resulting just as an example in 32BDs for DCIs on USS and 2*16 BDs for sDCIs. 
Proposal-2: For a UE capable of sTTI operation, define the maximum number of sUSS BDs scheduling sPDSCH and sPUSCH as additional capability on top of lms TTI operation. 

Furthermore, mechanism of sharing the USS on PDCCH between legacy DCIs and short DCIs will need to be defined. These mechanism could follow the search-space partitioning examples from [3].
Observation-4: Mechanism of PDCCH USS sharing between 1ms TTI DCIs and short DCIs will need to be defined.
3. Enabling reuse of unused sPDCCH candidates/resources  
Based on the SI outcome [2], the dynamic reuse of empty sPDCCH resources/candidates is a design goal for sTTI DL control operation. Such dynamic reuse will require some dynamic signalling in the DL assignment. 

One signalling option could be to use a bitmap indicating for each of sPDCCH candidates, from the overall set of sPDCCH candidates present in a sTTI, if the candidate is used/occupied or not. However, such sPDCCH candidate specific bitmap would unnecessarily increase the size of the fast DCI for DL scheduling, in addition, the size of the bitmap would vary depending on the number of sUSS candidates in the sTTI. Therefore, other signalling solutions should be considered which can be enabled by following two exemplary search-space designs:  
Compact search space common to all sTTI UEs
One option to decrease the size of bitmap is to configure USS sPDCCH candidate set for a UE to be identical to overall set of sPDCCH candidates of a sTTI (i.e. the USS of all UEs are identical). Such the eNB may assign DCIs within each AL group of candidates in continuous manner starting from the lowest logical number, as shown in Figure 1. This allows for a simple signalling of unused control resource to sTTI UEs scheduled in DL, because per each AL only a border between assigned (red) and unassigned (white) DCI candidates needs to be signalled per AL.
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Figure 1 Reusing unused control resource using common search space for all sTTI UEs
However, as observed in Section 2, the set of these common sUSS sPDCCH candidates will need to be kept rather small to avoid an increase in the number of BDs. However having a common small sUSS will give limitations to efficient multi-user UL & DL scheduling operation being limited by the size of this common sUSS. 
Observation-5: Compact search space design common to all UEs may not be suitable for sTTI operation, as the compact search space size is limited by the number of UE BDs on sUSS which will impact efficient multi-user UL & DL scheduling operation. 
Small user-specific search space
Another option to decrease the size of bitmap is to group a set of candidates into several groups and indicate to the UE which groups of candidates are occupied, as shown on the example in Figure 2. 
This operation assumes all sPDCCH candidates to be known to all UEs, but the sUSS of one UE to be a subset of the overall number of sPDCCH candidates. In case of the example in Figure 2, the total/overall number of sPDCCH candidates for the sTTI operation would be 7 candidates whereas for a single UE e.g. only 2 or 3 candidates might need to be monitored in order to keep the number of sUSS BDs low.

The eNB configures the overall set of candidates in sPDCCH known to all UEs through the slow DCI, schedules users in UL and DL and allocates DCI to sPDCCH candidates. Afterwards eNB selects the candidates colliding (at least with 1 sREG) with the UE’s sPDSCH allocation and groups these colliding candidates from the overall set of sPDCCH candidates into several groups. Because each UE has a different resource allocation, the grouping of candidates is UE specific. Moreover, the candidate carrying own DL assignment should be excluded from the UE-specific candidate set in order to keep the set and the related signalling groups as small as possible. The eNB signals per each candidate group a single bit indicating whether candidates within each group were assigned or not. This significantly reducing the bitmap size and at the same time allowing for design of fixed-sized bitmap with a variable group size.
Observation-6: Signalling of groups of unused/unassigned sPDCCH candidates decreases the signalling overhead.
Observation-7 The signalling efficiency can be improved by excluding sPDCCH candidates outside of UE’s sPDSCH allocation and the sPDCCH candidate carrying own DL assignment from the signalling set, resulting in user-specific group definition.
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Figure 2 Reusing the unused control resource for data when USS is subset of all sPDCCH candidates 
Grouping of candidates will however decrease the efficiency of reuse. Therefore, the mechanism of DCI candidate resources puncturing the sPDSCH resources should be considered to complement the sPDCCH reuse operation. For example, if all of candidates except of one within a group of candidates are unassigned, the eNB may decide to signal this group as available for sPDSCH, and at the same time puncture the resources from the single occupied candidate within the allocated sPDSCH. Thereby, the complementing puncturing can significantly improve the efficiency of reuse of unused sPDCCH resources on top of group based dynamic signaling.  The puncturing mechanism is also illustrated in our example in Figure 2. For UE 2, the Group1 of candidates (i.e. candidates 1, 2 and 4) is signalled as empty despite the fact that one green sREG within UE2 sPDSCH allocation of green candidate is occupied. The eNB punctures this green sREG into the UE2’s sPDSCH. 
Observation-8:  Puncturing of remaining occupied sPDCCH candidates signalled as unused/unassigned, can further improve the efficiency of reuse of unused/unassigned sPDCCH resources in case of limited signalling granularity.
Overall, the small user-specific search space being a subset of the overall number of sPDCCH candidates seems to be the better alternative, as this will not restrict any multi-user DL control multiplexing. We therefore propose: 
Proposal-3: Define the user-specific search space on sPDCCH as a subset of the overall number of sPDCCH candidates shared by all sTTI users. The sPDCCH region is defined as the number of non-overlapping overall sPDCCH candidates within the sTTI.

Proposal-4: The sPDSCH reuse of unoccupied sPDCCH resources is to be enabled by a combination of dynamic signaling of unused groups of sPDCCH candidates combined with eNB puncturing of remaining occupied candidates. In order to optimize the reuse efficiency, the grouping and the candidate set is to be UE-specific based on the sPDSCH allocation.
4. Summary
Based on the discussion in this contribution, we have the following observations and proposals:

Proposal-1: A UE configured for short TTI operation is required to monitor CSS+USS on PDCCH and sUSS on sPDCCH.
Observation-1: Reduction of blind decodes in CSS on PDCCH is not possible.

Observation-2: The number of BDs can be limited by reducing the user-specific search space and by reducing the number of DCI formats a UE has to monitor.
Observation-3: Keeping the total number of allowed BDs per subframe the same as in legacy, will result in a small number of BDs allowed in a single 2OS-sTTI sUSS.
Proposal-2: For a UE capable of sTTI operation, define the maximum number of sUSS BDs scheduling sPDSCH and sPUSCH as additional capability on top of lms TTI operation. 

Observation-4: Mechanism of PDCCH USS sharing between 1ms TTI DCIs and short DCIs will need to be defined.
Observation-5: Compact search space design common to all UEs may not be suitable for sTTI operation, as the compact search space size is limited by the number of UE BDs on sUSS which will impact efficient multi-user UL & DL scheduling operation. 
Observation-6: Signalling of groups of unused/unassigned sPDCCH candidates decreases the signalling overhead.

Observation-7 The signalling efficiency can be improved by excluding sPDCCH candidates outside of UE’s sPDSCH allocation and the sPDCCH candidate carrying own DL assignment from the signalling set, resulting in user-specific group definition.

Observation-8:  Puncturing of remaining occupied sPDCCH candidates signalled as unused/unassigned, can further improve the efficiency of reuse of unused/unassigned sPDCCH resources in case of limited signalling granularity.
Proposal-3: Define the user-specific search space on sPDCCH as a subset of the overall number of sPDCCH candidates shared by all sTTI users. The sPDCCH region is defined as the number of non-overlapping overall sPDCCH candidates within the sTTI.

Proposal-4: The sPDSCH reuse of unoccupied sPDCCH resources is to be enabled by a combination of dynamic signaling of unused groups of sPDCCH candidates combined with eNB puncturing of remaining occupied candidates. In order to optimize the reuse efficiency, the grouping and the candidate set is to be UE-specific based on the sPDSCH allocation.
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