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1. Introduction
At the RAN1#86 meeting, following agreements were achieved [1]:
	Agreements from R1-168350:
· 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.

Agreements from R1-168482:
· The DL sTTI length of a UE is indicated by eNB
· FFS details of configuration (based on RRC or PDCCH)

Agreements from R1-168500:
· For frame structure type 1, the following principles on short TTI length shall be supported:
· The length of sPUCCH is the same or longer than the length of the DL sTTI carrying the associated sPDSCH
· The length of sPUSCH is the same or longer than the length of the DL sTTI carrying the associated UL grant
· The TTI length of sPUSCH is the same as that of sPUCCH in a given subframe for one UE
· FFS on specific TTI length combinations between DL and UL including possible down-selection of combinations
· FFS whether to support the combination of TTI lengths between sPDSCH with shortened DL TTI and PUCCH with 1ms UL TTI for FS1 and FS2



In this contribution, we discuss sPDCCH designs for shortened TTI. 

2. s(E)PDCCH designs
2.1. Time-domain structure
At the RAN1#86 meeting, it was agreed that sPDCCH is transmitted from the first symbol within an sTTI, where sPDCCH is not mapped on the PDCCH region while the PDCCH can be used to transmit sDCI. The next step for sPDCCH design is to conclude at which timing sPDCCH starts, and how long duration it continues. Below, 1-slot sTTI and 2-symbol sTTI are discussed separately.
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 (excluding RS) is less than 72, which implies no more than one CCE can be supported by one symbol sPDCCH. Such different number of symbols for PDCCH depending on bandwidth was already supported for legacy PDCCH. Similar strategy to ensure the sPDCCH capacity when frequency-domain resource is extremely limited should be introduced. For example, 2 ~ 4 OFDM symbols when the system BW or BW for sPDCCH region is smaller than10 RBs, otherwise 1 ~ 3 OFDM symbols
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Fig. 1	1-slot sTTI with multiplexing sPDCCH of the first sTTI in the legacy PDCCH region.

2-symbol sTTI
Unlike 1-slot sTTI, some variations on sPDCCH starting symbols can be considered for 2-symbol sTTI as illustrated in Fig. 2. Three different alternatives are presented with taking CFI=1 as an example. Alt. 1 simply determines sTTI positions according to the value of CFI. For CFI=1, 2-symbol sTTI can be located uniformly in a subframe. However, one of sTTI spans across boundary between the slots. Whether or not this is acceptable needs to be considered taking into account other factors, such as necessity of application of frequency-hopping for sTTI, timing relationship between DL sTTI and UL sTTI, efficient multiplexing between 1-slot sTTI and 2-symbol sTTI etc. Alt. 2 introduces blank symbols, so that any sTTI does not span across slot-boundary. There are various possible positions of blank symbols. Although insertion of blank symbols can avoid crossing slot-boundary, resource wastage is not avoidable. Alt. 3 resolves the resource wastage in Alt. 2 by allowing 3-symbol sTTI in some cases. This is not aligned with the approved objective of WID, but effectively improves spectral efficiency. For CFI=2 and 3, depending on sTTI positions, similar discussion may be necessary; whether 3-symbol sTTI is allowed or 2-symbol sTTI needs to be kept strictly. Our preference is to allow 3-symbol sTTI so that resource wastage is avoided.
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Fig. 2	2-symbol sTTI with multiplexing sPDCCH of the first sTTI in the legacy PDCCH region with CFI=1.

When the number of PDCCH symbols is two or more, the first two or more symbols in a subframe are not available for sPDSCH. There are two alternatives in general; the first alternative is to fix sPDCCH starting symbols (or sTTI positions/durations) regardless of which CFI value the PCFICH in the subframe indicates. When the number of PDCCH symbols is two for example, the first possible sTTI is not available, and the PDCCH symbols does not contain sDCI for DL data scheduling since sPDCCH comes at the next symbol. Another alternative is to determine sPDCCH starting symbols (or sTTI positions/durations) according to the value of CFI. Depending on the value of CFI, the sPDCCH starting symbols are different. UE shall anyway monitor PCFICH for this subframe and hence, these two options do not offer much difference.
For 2-symbol sTTI, sPDCCH overhead is outstanding. If sCCE is composed of 36REs, then minimum aggregation level of sPDCCH (one CCE) consumes 3PRBs of one symbol. If dedicated RS is introduced for the sPDCCH, the overhead increases further. Therefore, the 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 1:
· Except for the first sTTI in a subframe, sPDCCH is used to transmit sDCI.
· The number symbols for sPDCCH (not sDCI in the PDCCH region) does not depend on CFI value.
· The value can be dependent on RS for demodulation.
· The value is configured by RRC.

2.2. Combinations between DL sTTI and UL sTTI and TTI length switching
For a given sPDCCH mapping pattern in time-domain, the possible UL sTTI pattern can be considered. For 1-slot DL sTTI, 1-slot UL sTTI or 1ms UL TTI should be selectable. In this case, when the UE receives sPDSCH (or UL grant) at a 1-slot DL sTTI, then the UE transmits HARQ-ACK for the DL sTTI (or PUSCH) at a 1ms TTI. This could realize fast HARQ-ACK feedback while keeping UL coverage. Then, for 2-symbol DL sTTI, 2-symbol UL sTTI, 4-symbol UL sTTI, or 1-slot UL sTTI, should be selectable. Depending on the combined sTTI lengths between DL and UL, UE transmits HARQ-ACK feedback or sPUSCH with the selected UL sTTI length. The combinations between DL sTTI and UL sTTI discussed above is summarized in the following table.

	           UL
DL
	2-symbol
	4-symbol
	1-slot
	1ms 

	2 symbol
	√
	√
	√
	x

	1-slot
	x
	x
	√
	√

	1ms 
	x
	x
	x
	√



Note that for any sTTI configurations/combinations, it is essential to support dynamic change of TTI length at least from sTTI to 1ms TTI. sTTI has a significant merit of latency reduction, but from spectral efficiency and coverage point of view, theoretically and fundamentally, sTTI is not comparable to 1ms TTI. Firstly, sTTI cannot support higher order MIMO without overhead increase or performance loss. For example, 8-layer MIMO using existing DMRS cannot be supported by sTTI. Introduction of new DMRS can support 8 layers, but the overhead must be higher than the existing DMRS for 1ms TTI. PRB bundling can reduce DMRS overhead for such higher order MIMO, but in that case, frequency-selective scheduling/precoding gain becomes smaller than 1ms TTI. Secondary, sTTI would highly likely require fast processing for HARQ-ACK feedback and/or UL scheduling and therefore, possible number of CCs for CA configuration may be smaller than that of 1ms TTI case. Thirdly, sTTI requires smaller max TA value, which results in smaller coverage. Lastly, sTTI split the packet into multiple blocks, resulting in coding gain loss. In order to achieve shorter latency, higher peak data rate, and wide coverage, without RRC reconfiguration, dynamic switching of TTI length is an essential function for shortened TTI. Same thing can be said for shortened processing time for 1ms TTI; for guaranteeing coverage, dynamic fallback to legacy processing is necessary. Such dynamic switching/fallback can be realized by either implicit or explicit way. We believe at least common search space should be usable for fallback, and additional switching mechanism is necessary. It is FFS whether the switching is common or independent for DL and UL.

Proposal 2:
· Combinations of DL sTTI and UL sTTI described in the above table are supported.
· Dynamic switching of TTI length (at least between configured sTTI and 1ms TTI) is supported.
· At least when the DL/UL data is scheduled by DCI in the common search space, 1ms TTI is scheduled.
· In addition, another mechanism(s) to switch TTI length (not rely on C-SS) is supported.
· FFS whether the switching of TTI length is common or independent for DL and UL.

2.3. 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. 5	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. 6	UE performs blind decodes of sPDCCH candidates mapped on different frequency portions (Alt. 2).

Proposal 3:
· sPDCCH can be localized in a limited frequency portion.
· Consider following alternatives to enable flexible FDM between sTTI and 1ms TTI.
· Alt. 1: Explicit indication of sPDCCH candidate(s) by L1 signalling.
· Alt. 2: Blind decoding for multiple sPDCCH candidates mapped on different frequency portions. 

2.4. RS for demodulation
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 4:
· CRS is used, at least for demodulating sDCI in the legacy PDCCH region.
· DMRS should be designed for sPDCCH.

2.5. DCI design
During the study item, two-level DCI, in which the first-level (slow) DCI conveys UE-common and/or sTTI-common information and the second-level (fast) DCI conveys UE-specific and sTTI-specific information, was extensively discussed. This could be effective to reduce the control channel overhead if the amount of information that can be UE-common and/or sTTI-common in a subframe is large. However, communalizing link adaptation related information fields among UEs and/or among sTTIs in a subframe requires eNB scheduler to take into account status of multiple UEs (e.g., cell-center/cell-edge UEs, new data/retransmission, MIMO configurations, BSR, PHR, etc) and/or possible traffic over multiple sTTIs for determining the contents of first-level (slow) DCI. Unlike LAA or eLAA, burst allocation over multiple sTTIs would not be a typical scenario of shortened TTI; the most important is to ensure scheduling small packet with an appropriate link adaptation, even in the middle of a subframe for each UE so that U-plane latency is shortened, especially during TCP slow-start phase. Therefore, single-level DCI would be the straightforward principle, and the two-level DCI, if introduced, should be designed to take the above into account.

Proposal 5:
· RA/HARQ/MIMO/MCS-related information should be indicated per UE and per sTTI basis.
· One DCI should schedule one sTTI or one TTI.
· Consider to reduce resource allocation field by increasing the size of PRG.

2.6. Blind decoding for sPDCCH
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 6:
· Max 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
· UE capability signaling may be needed to indicate information related to the number of sPDCCH BDs.
· A UE is expected to monitor both EPDCCH & sPDCCH in the same subframe.
· sPDCCH should be based on DMRS when monitoring both EPDCCH & sPDCCH.
· FFS: whether/how resource sharing between EPDCCH and sPDCCH.

3. Conclusion
In this contribution, we discussed frequency-domain aspects of frame structure and proposed the following:
Proposal 1:
· Except for the first sTTI in a subframe, sPDCCH is used to transmit sDCI.
· The number symbols for sPDCCH (not sDCI in the PDCCH region) does not depend on CFI value.
· The value can be dependent on RS for demodulation.
· The value is configured by RRC.
Proposal 2:
· Combinations of DL sTTI and UL sTTI described in the above table are supported.
· Dynamic switching of TTI length (at least between configured sTTI and 1ms TTI) is supported.
· At least when the DL/UL data is scheduled by DCI in the common search space, 1ms TTI is scheduled.
· In addition, another mechanism(s) to switch TTI length (not rely on C-SS) is supported.
· FFS whether the switching of TTI length is common or independent for DL and UL.
Proposal 3:
· sPDCCH can be localized in a limited frequency portion.
· Consider following alternatives to enable flexible FDM between sTTI and 1ms TTI.
· Alt. 1: Explicit indication of sPDCCH candidate(s) by L1 signalling.
· Alt. 2: Blind decoding for multiple sPDCCH candidates mapped on different frequency portions. 
Proposal 4:
· CRS is used, at least for demodulating sDCI in the legacy PDCCH region.
· DMRS should be designed for sPDCCH.
Proposal 5:
· RA/HARQ/MIMO/MCS-related information should be indicated per UE and per sTTI basis.
· One DCI should schedule one sTTI or one TTI.
· Consider to reduce resource allocation field by increasing the size of PRG.
Proposal 6:
· Max 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
· UE capability signaling may be needed to indicate information related to the number of sPDCCH BDs.
· A UE is expected to monitor both EPDCCH & sPDCCH in the same subframe.
· sPDCCH should be based on DMRS when monitoring both EPDCCH & sPDCCH.
· FFS: whether/how resource sharing between EPDCCH and sPDCCH.
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