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1. Introduction
At the RAN#72 meeting, a new work item on shortened TTI and processing time for LTE was approved [1]. 
	4	Objective
4.1	Objective of SI or Core part WI or Testing part WI
The objective of this work item is to specify shortened TTI operation and shortened processing time for both legacy (1ms) TTI and shortened TTI. The specified solution should cover the case of carrier aggregation and non-carrier aggregation. Aim for a similar design as possible independent of frame structure.

The detailed objectives are:

[…]

For Frame structure type 1: [RAN1, RAN2, RAN4]
· Specify support for a transmission duration based on 2-symbol sTTI and 1-slot sTTI for sPDSCH/sPDCCH 
· Specify support for a transmission duration based on 2-symbol sTTI, 4-symbol sTTI, and 1-slot sTTI for sPUCCH/sPUSCH 
· Down-selection is not precluded
· Study any impact on CSI feedback and processing time, and if needed, specify necessary modifications (not before RAN1 #86bis)

For Frame structure type 2: [RAN1, RAN2, RAN4]
· Specify support for a transmission duration based on 1-slot sTTI for sPDSCH/sPDCCH/sPUSCH/sPUCCH
· Study any impact on CSI feedback and processing time, and if needed, specify necessary modifications (not before RAN1 #86bis)

Follow the recommendation made in [2] when specifying for support of transmission duration based on 2-symbol sTTI, 4-symbol sTTI, and 1-slot sTTI.

[…]



In this contribution, we present our views on channel design for sPDCCH (DL control channel for sTTI).
2. Channel design for sPDCCH
2.1. Time-domain structure
According to the agreement achieved during the study item, a new downlink control channel (sPDCCH) that schedules data on sTTI shall be introduced, where the sPDCCH candidate(s) is/are contained within each sTTI on DL. It is preferable to place sPDCCH decoding candidate(s) from the beginning of each sTTI in DL, so that UE can start processing it at the earliest timing for the given sTTI. It is FFS how many OFDM symbols are used for one sPDCCH candidate(s) a UE shall perform blind decoding for a given sTTI length.
Proposal 1:
· sPDCCH candidate(s) shall be mapped from the beginning of each sTTI in DL.
· FFS: the number of OFDM symbols in which the sPDCCH candidate(s) is/are mapped.

If DL sTTI can start from any OFDM symbol in a subframe, UE needs to start sPDCCH blind decoding at every OFDM symbols, which requires high UE complexity and energy consumption. This can be avoided by fixing sPDCCH starting symbol for a given DL sTTI. Below, 1-slot sTTI and 2-symbol sTTI are discussed separately.
1-slot sTTI
For 1-slot sTTI, it is quite natural to specify that the sPDCCH starting symbol is the first symbol(s) of each slot in a subframe. There are two options for 1-slot sTTI:
Option 1: sPDCCH of the first sTTI in a subframe is multiplexed in the legacy PDCCH region
In this case, UE determines the number of OFDM symbols for sPDCCH decoding candidate(s) in the first sTTI in a subframe by the value of CFI. For the second sTTI, it is not necessarily same as that in the first sTTI. In Fig. 1, the number of sPDCCH symbol(s) in the second sTTI is assumed to be one; but it is FFS how many OFDM symbols are used for sPDCCH in the second sTTI, and whether it is determined by semi-static or dynamic manner. It should be noted that on the sPDCCH symbol, sPDSCH scheduled by the sPDCCH may also be multiplexed in FDM manner.
[image: ]
Fig. 1	1-slot sTTI with multiplexing sPDCCH of the first sTTI in the legacy PDCCH region.

Option 2: sPDCCH of the first sTTI in a subframe is not multiplexed in the legacy PDCCH region
In this case, UE determines the number of OFDM symbols for sPDCCH decoding candidate(s) in both sTTIs in a subframe independently from the value of CFI. However, the starting symbol of sPDCCH decoding candidate(s) in the first sTTI is determined according to the value of CFI. Similar to the option 1, it is FFS how many OFDM symbols are used for sPDCCH in both sTTIs.
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Fig. 2	1-slot sTTI without multiplexing sPDCCH of the first sTTI in the legacy PDCCH region.

In case of 1-slot sTTI, it is natural to consider that the second DL sTTI in a subframe spans the whole second slot in the subframe, irrespective of how sPDCCH is designed. In the first sTTI, either the number of sPDCCH symbols and/or the sPDCCH positions are affected by the value of CFI.

2-symbol sTTI
Unlike 1-slot sTTI, further variations can be considered for 2-symbol sTTI in DL.
Option 1: sPDCCH of the first sTTI in a subframe is multiplexed in the legacy PDCCH region
In Fig. 3, three different alternatives under option 1 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, 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. 3	2-symbol sTTI with multiplexing sPDCCH of the first sTTI in the legacy PDCCH region with CFI=1.

Option 2: sPDCCH of the first sTTI in a subframe is not multiplexed in the legacy PDCCH region
Similar to option 1, option 2 has also many variations as seen in Fig. 4. Note that these examples in Fig. 3 and Fig. 4 assumes one PDCCH symbol, but such variations can easily be considered for other number of PDCCH symbols. 
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Fig. 4	2-symbol sTTI without 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. 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. 

From the above discussions, it is observed that sPDCCH starting symbol (or sTTI positions and durations) should be determined with taking into account following open questions:
· For both 1-slot sTTI and 2-symbol sTTI in DL:
· Whether sPDCCH of the first sTTI is multiplexed on legacy PDCCH region
· For 2-symbol sTTI in DL:
· Whether one sTTI can span across slot boundary
· Whether/how to utilize symbol(s) that cannot belong to any 2-symbol sTTI
· Whether sPDCCH starting symbols is common or different for different CFI values

Proposal 2:
· Define sPDCCH starting symbol for each sTTI (or sTTI positions/durations) with taking into account following open questions:
· For both 1-slot sTTI and 2-symbol sTTI in DL:
· Whether sPDCCH of the first sTTI is multiplexed on legacy PDCCH region
· For 2-symbol sTTI in DL:
· Whether one sTTI can span across slot boundary
· Whether/how to utilize symbol(s) that cannot belong to any 2-symbol sTTI
· Whether sPDCCH starting symbols is common or different for different CFI values

2.2. 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. 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.
[image: ]
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. 

2.3. 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 sPDCCH is multiplexed on legacy PDCCH region (option 1 of section 2.1), CRS based demodulation is more preferable, since it is not feasible to insert DMRS for sPDCCH into legacy PDCCH region. Therefore, at least in case if sPDCCH is multiplexed on legacy PDCCH region, CRS should be used to demodulate sPDCCH.
In case if sPDCCH is not multiplexed on legacy PDCCH region (option 2 of section 2.1), newly introduced DMRS can be used. Note that the DMRS should be different from that for EPDCCH and PDSCH. Separate DMRS port(s) from that/those for sPDSCH should be baseline since the number of layers, precoding matrices, MCS, coding scheme/rate, target BLER, etc., are different between 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 sPDCCH in the legacy PDCCH region.
· DMRS should be designed for sPDCCH not in the legacy PDCCH region.

2.4. DCI design
During the study item, two-level DCI, in which the first-level (slow) DCI conveys UE-common and/or sTTI-common in a subframe 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.

2.5. 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. 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 presented our views on channel design for sPDCCH, and proposed the following.
Proposal 1:
· sPDCCH candidate(s) shall be mapped from the beginning of each sTTI in DL.
· FFS: the number of OFDM symbols in which the sPDCCH candidate(s) is/are mapped.
Proposal 2:
· Define sPDCCH starting symbol for each sTTI (or sTTI positions/durations) with taking into account following open questions:
· For both 1-slot sTTI and 2-symbol sTTI in DL:
· Whether sPDCCH of the first sTTI is multiplexed on legacy PDCCH region
· For 2-symbol sTTI in DL:
· Whether one sTTI can span across slot boundary
· Whether/how to utilize symbol(s) that cannot belong to any 2-symbol sTTI
· Whether sPDCCH starting symbols is common or different for different CFI values
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 sPDCCH in the legacy PDCCH region.
· DMRS should be designed for sPDCCH not in the legacy PDCCH region.
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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