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1. Introduction
In this contribution, we propose sPDCCH designs for shortened TTI.

2. Single-level DCI vs two-level DCI
At the RAN1#86bis meeting, following agreement was achieved [1]:
	Agreement
· 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



There was extensive discussion on whether to support two-level DCI, and which variant of two-level DCI is the most feasible for shortened TTI operation if supported. The main motivation of two-level DCI for shortened TTI operation is to reduce DL control channel overhead. On the other hand, following concerns are still not resolved:
Combination of slow-DCI and fast-DCI to get scheduling information makes sTTI operation complicated
In some of the variants, UE needs to decode both slow-DCI and fast-DCI correctly to receive sPDSCH or to transmit sPUSCH. Miss detection of either one causes failure of data scheduling. In general, PDCCH decoding error probability is adjusted to be sufficiently low (e.g., 1%). If the combination of slow-DCI and fast-DCI is required to achieve full scheduling information, each of the DCI shall be decodable with better performance compared to single-DCI. It may require lower coding rate (or higher aggregation level) for each of the DCIs. Furthermore, in all the variants of two-level DCI, slow-DCI is common for multiple sTTIs and/or for multiple UEs. In this case, the reliability of slow-DCI is more important and critical over the whole performance. 
Slow-DCI in the UE-specific search space may not reduce the control overhead and increases BD number
In variants 2 and 3, both slow-DCI and fast DCI contains UE-specific information. The fast DCI can update/overwrite the scheduling information in slow DCI. The benefit of above two-level DCI is clear if the eNB schedules multiple sTTIs for the UE in the given subframe where slow-DCI is effective. However, it is questionable that scheduling of multiple sTTIs for one UE in the given subframe is common use-case. From spectral efficiency point of view, 1ms TTI scheduling is always better than multiple sTTI scheduling. In addition, variant 3 allows the slow DCI to be transmitted in the UE-specific search space, which increases the BD number. 
Combination of slow-DCI and fast-DCI would not fit with HARQ operation in shortened TTI
Assuming that DL data is scheduled on a certain sTTI, the DL data may be failed to decode, and the re-transmission becomes necessary. From eNB point of view, at a timing where the slow-DCI is transmitted for a given subframe, it may not be sure whether the HARQ-ACK feedback from the UE for DL data of an sTTI in the previous subframe is NACK or ACK. Therefore, eNB has to continue transmission of slow-DCI at the current subframe, as long as there is a possibility of scheduling re-transmission in the current subframe. This drawback is more visible if the slow-DCI is common for multiple UEs and for multiple sTTIs, as in variant 1 and variant 3. In summary, the combination of slow-DCI and fast-DCI would not fit with fast HARQ feedback for the shortened TTI operation.
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Fig. 1	HARQ operation in shortened TTI with the two-level DCI.

Due to the above three reasons, we prefer to support single-level DCI. Use of single-level DCI is not harmful and works well. Besides, as long as dynamic switching between sTTI and 1ms TTI is enabled, there is no strong reason to use multi-sTTI scheduling.
Proposal 1:
· Single-level DCI is supported as it works well without harmful overhead increase.
· Overhead reduction of the single-level DCI can be considered further.
· No strong motivation of supporting multi-sTTI scheduling is identified.

3. sPDCCH design
Like PDCCH and EPDCCH, for sPDCCH, we consider that an integer number of REs forms an sCCE, and an integer number of sCCEs forms a sPDCCH candidate. UE configured with sTTI operation monitors sPDCCH candidate(s) in a given search space. In the following, how sPDCCH is designed and is monitored are discussed.
3.1. Time-domain structure
1-slot sTTI
For 1-slot sTTI, sPDCCH starting symbol is the first symbol(s) of each slot in a subframe. For the first slot sTTI in a subframe, sDCI is transmitted by the PDCCH. The number of PDCCH symbols is indicated by PCFICH, as in legacy LTE. Furthermore, there could be DCIs for various UEs in the PDCCH region as the PDCCH, where they are multiplexed using Rel. 8 rules. Therefore, sDCIs transmitted within the PDCCH region should follow the PDCCH design principle like legacy DCIs.
For the second slot sTTI in a subframe, sDCI should be transmitted by sPDCCH, which is newly defined for shortened TTI. There are two options for the number of symbols on which sPDCCH is mapped:
· Option 1: Fixed number or configured number by RRC
· Option 2: Same number as the PDCCH symbols in the first slot, which is indicated by CFI
Between the above options, our preference is option 1. For legacy PDCCH, CFI is used to vary PDCCH capacity in dynamic manner, so that the number of PDCCHs per subfrme and data resource amount can be balanced. eNB should make a decision on the value of CFI based on the amount of resources necessary for PDCCH. Since not all UEs support shortened TTI, the amount of sPDCCH resources for the second slot sTTI is not necessary to be tied with CFI value.
Note that in case of option 1, available number of symbols for sPDCCH should be different among system bandwidths. For example, when the system bandwidth is extremely narrow (e.g., 6 PRBs), the number of available REs for sPDCCH is less than 72, which implies no more than one sCCE can be formed by one symbol sPDCCH, assuming that one sCCE contain, e.g., 36 REs. Such different number of symbols for PDCCH depending on bandwidth was already supported for legacy PDCCH. Similar strategy should be introduced to ensure the sPDCCH capacity when the available frequency-domain resource for sPDCCH is limited. For example, possible number of OFDM symbols is 2~4 when the system BW is smaller than 10 RBs or configured BW for sPDCCH region is smaller than10 RBs, otherwise 1~3 OFDM symbols.
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Fig. 1	PDCCH and sPDCCH pattern for 1-slot sTTI.

2-symbol sTTI
For 2-symbol sTTI, we propose DL sTTI pattern of (3,2,2,2,2,3) or (2,2,3,2,2,3) [2]. In the following, we assume (2,2,3,2,2,3) for simplicity but the discussion also applies to (3,2,2,2,2,3). In principle, similar to the 1-slot sTTI, sPDCCH should start from the first symbol of each DL sTTI. The number of symbols for sPDCCH is configured by higher layer and can be 1 or 2. Unlike 1-slot sTTI, the number of symbols for sPDCCH should not exceed 2. Instead of time-domain, necessary amount of resources for sPDCCH should be guaranteed in frequency-domain. Therefore, applicable system bandwidth for 2-symbol sTTI may be limited.
In case of CFI=2 or 3, at least the first DL sTTI cannot be used for sPDSCH scheduling. However, this is not a problem as long as the HARQ is asynchronous; when the CFI=2 or 3, the first sTTI of a subframe can be skipped for scheduling.
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Fig. 2	PDCCH and sPDCCH pattern for 2-symbol sTTI.

For 2-symbol sTTI, if sCCE is composed of 36REs, then minimum aggregation level of sPDCCH (one sCCE) may consume 3PRBs or more of one symbol. If dedicated RS is introduced for the sPDCCH, the overhead may increase further. In order to support sPDCCH with smaller number of OFDM symbols, following should be considered.
· Smaller number of REs for one sCCE (for this, sDCI payload reduction should be considered together)
· Shared DMRS for sPDCCH and sPDSCH
· Not supporting 2-symbol sTTI for system bandwidth(s) narrower than a certain threshold

It was agreed to support both CRS-based and DMRS-based transmission modes for sPDCCH. CRS can be shared RS for sPDCCH and sPDSCH. Therefore, smaller number of sPDCCH symbols for 2-symbol sTTI can be determined based on whether the RS for demodulation is CRS or DMRS. For example, for CRS based sPDCCH, the number of symbols for sPDCCH can be 1, while for DMRS based sPDCCH, it can be 1 or 2.

Proposal 2:
· For 1-slot sTTI,
· sDCI for the first slot is transmitted in the PDCCH region.
· sDCI for the second slot is transmitted in the sPDCCH.
· sPDCCH can span more than 2 symbols.
· The number of symbols for sPDCCH in the second slot is configured by higher layer.
· For 2-OS sTTI,
· DL sTTI pattern is fixed irrespective of the value of CFI.
· sDCI for the sTTI not overlapped with PDCCH region is transmitted by sPDCCH.
· sDCI for the sTTI overlapped with PDCCH region is transmitted in the PDCCH region.
· sPDCCH can span up to 2 symbols.


3.2. Frequency-domain structure
Similar to PDCCH and EPDCCH, sPDCCH search space should be defined. In the sPDCCH search space, one or more sPDCCH candidates are included, and the UE performs blind decoding for the sPDCCH candidates. It is important to make sure that sPDCCH candidates can be localized in a limited frequency portion. Furthermore, the resources of localized sPDCCH should be able to be changed dynamically, e.g., per subframe basis, so that the shortened TTI and 1ms TTI can be dynamically scheduled in FDM manner. There are two alternatives to enable this:
Alt. 1: Explicit indication of sPDCCH candidate(s) by L1 signalling (e.g., legacy PDCCH)
sPDCCH candidate(s) can be indicated by L1 signalling, which is updated slower than sPDCCH, e.g., per subframe basis. The L1 signalling can be PDCCH for example. By this signaling, sPDCCH can be scheduled in different frequency portions flexibly, while the number of sPDCCH blind decoding can be kept small. It is possible to specify that if the UE does not detect the L1 signalling in the PDCCH region of a subframe, the UE can assume that there will be no sTTI scheduled in the subframe, and can omit sPDCCH blind decoding.
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Fig. 3	sPDCCH region is indicated by L1 signalling (e.g., PDCCH) (Alt. 1).

Alt.2: Blind decoding for multiple sPDCCH candidates mapped on different frequency portions
Each sPDCCH candidate is mapped on a certain (and different) limited frequency portion. Then, the UE performs blind decodes for those sPDCCH candidates. eNB can decide the actual position of sPDCCH for the UE, while the UE identifies it by blind decodes for multiple candidates. Unlike Alt. 1, Alt. 2 does not require any additional signaling for sPDCCH blind decodes. However, UE needs to perform sufficient number of blind decodes in each sTTI, so that frequency-domain scheduling of sPDCCH is flexible enough.
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Fig. 4	UE performs blind decodes of sPDCCH candidates mapped on different frequency portions (Alt. 2).

Between the two options, our preference is Alt.2. Configuration of multiple search space sets was already supported for EPDCCH. Same way can be applied. 

Proposal 3:
· sPDCCH search space is defined for a limited time- and frequency- resources.
· UE may be configured with multiple sPDCCH search space sets.
· Different sPDCCH search space set can be located at different time- and frequency- resources.
· UE monitors one or multiple sPDCCH search space sets to detect sPDCCH for the UE.

3.3. Blind decodes for sPDCCH candidates
UE does not monitor PDCCH UE-specific search space in a subframe where the UE monitors EPDCCH. However, unlike EPDCCH, for sPDCCH monitoring, UE should still monitor PDCCH or EPDCCH UE-specific search space; sPDCCH is specifically used to receive/transmit sPDSCH and sPUSCH and cannot be alternative to PDCCH/EPDCCH which schedules PDSCH/PUSCH. Therefore, it is desirable to keep the same number of PDCCH (and EPDCCH) blind decoding for UE-specific search space within a subframe, even when a sPDCCH monitoring is configured. Otherwise, the sPDCCH monitoring reduces the number of PDCCH (and EPDCCH) blind decoding for UE-specific search space within the subframe, which may increase the PDCCH (and EPDCCH) blocking probability and may degrade the PDSCH and/or PUSCH scheduling flexibility when the UE is configured to monitor sPDCCH.
During the study item, there was a discussion whether a UE may be expected to monitor both EPDCCH and sPDCCH in the same subframe. It is possible to use EPDCCH to schedule PUSCH transmission while to use sPDCCH to schedule sPDSCH. Therefore, UE should be expected to monitor both EPDCCH and sPDCCH in the same subframe.

Proposal 4:
· At least some UEs are expected to monitor both EPDCCH and sPDCCH in the same subframe.
· Maximum number of (E)PDCCH BDs for UE-SS within one subframe in which the UE is expected to perform BDs for sPDCCH should not be reduced.

3.4. RS for demodulating sPDCCH
For legacy PDCCH and EPDCCH, CRS on antenna port #0-#3 and DMRS on antenna port #107-#110 are used, respectively. For sPDCCH, existing CRS can simply be re-used. Especially, if sDCI is multiplexed on legacy PDCCH region, CRS based demodulation is more preferable, since it is not feasible to insert DMRS for demodulating sDCI in the legacy PDCCH region. Therefore, at least in case if sDCI is multiplexed on legacy PDCCH region, CRS should be used for demodulation.
In case if sDCI is transmitted by sPDCCH, newly introduced DMRS can be used. Note that the DMRS should be different from that for EPDCCH and PDSCH. Separate DMRS port(s) for sPDCCH and sPDSCH within the same DL sTTI should be the baseline since the number of layers, precoding matrices, MCS, coding scheme/rate, target BLER, etc., are different for these two channels. However, this requires doubled RS overhead. Therefore, it should also be possible to share the same DMRS between sPDCCH and sPDSCH as an optional way.

Proposal 5:
· CRS is used for demodulating sDCI in the legacy PDCCH region irrespective of whether CRS or DMRS is configured to demodulate sPDCCH.
· DMRS design can be different between 2-OS sTTI and 1-slot sTTI.

4. Conclusion
In this contribution, we discussed sTTI scheduling schemes and sPDCCH design and proposed the following:
Proposal 1:
· Single-level DCI is supported as it works well without harmful overhead increase.
· Overhead reduction of the single-level DCI can be considered further.
· No strong motivation of supporting multi-sTTI scheduling is identified.
Proposal 2:
· For 1-slot sTTI,
· sDCI for the first slot is transmitted in the PDCCH region.
· sDCI for the second slot is transmitted in the sPDCCH.
· sPDCCH can span more than 2 symbols.
· The number of symbols for sPDCCH in the second slot is configured by higher layer.
· For 2-OS sTTI,
· DL sTTI pattern is fixed irrespective of the value of CFI.
· sDCI for the sTTI not overlapped with PDCCH region is transmitted by sPDCCH.
· sDCI for the sTTI overlapped with PDCCH region is transmitted in the PDCCH region.
· sPDCCH can span up to 2 symbols.
Proposal 3:
· sPDCCH search space is defined for a limited time- and frequency- resources.
· UE may be configured with multiple sPDCCH search space sets.
· Different sPDCCH search space set can be located at different time- and frequency- resources.
· UE monitors one or multiple sPDCCH search space sets to detect sPDCCH for the UE.
Proposal 4:
· At least some UEs are expected to monitor both EPDCCH and sPDCCH in the same subframe.
· Maximum number of (E)PDCCH BDs for UE-SS within one subframe in which the UE is expected to perform BDs for sPDCCH should not be reduced.
Proposal 5:
· CRS is used for demodulating sDCI in the legacy PDCCH region irrespective of whether CRS or DMRS is configured to demodulate sPDCCH.
· DMRS design can be different between 2-OS sTTI and 1-slot sTTI.
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