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1     Introduction
In this contribution, we discuss our views on physical layer design of sPDCCH. In our view, RRC configures sPDCCH monitoring sets for a user. The user would monitor sPDCCH decoding candidates in each of the configured sets. If needed, L1 signalling can limit the number of monitored sets in a subframe (e.g., because of eNB scheduling 1-ms TTI UEs in the resources overlapping with the sPDCCH monitoring configured sets in the subframe) for sTTI UEs. If a user fails to decode the L1 signalling, it still monitors sPDCCH in each of the configured sets (or a subset of them) and may be able to decode the scheduled sPD(U)SCH.

2 Number of blind decodes

Based on the agreed DL sTTI patterns, there are 6 sTTIs in a subframe. Noting that not all of the sPDCCH blind decodes (BDs) need to be processed at the same time, as they occur in different sTTIs; it is feasible to support additional BDs per subframe than what is usually assumed for LTE (e.g. similar to doubling of BDs per subframe supported for LAA initial partial subframes). For example, assuming 44 PDCCH BDs (e.g., in the first two OFDM symbols of a subframe) can be processed by the end of the first slot in the subframe, the hardware can be reused for up to 44 BDs for sPDCCH decoding in 2nd slot of the subframe. However, to accommodate blind decoding for the sPDCCH decoding candidates belonging to the sTTIs of the first slot, the number of PDCCH BD attempts can be reduced from 44 to e.g., 32 allowing for 12 BD attempts for the first three sTTIs of a subframe. Assuming two DCI formats to be monitored, that would leave each one of the sTTIs in the first slot with 2 sPDCCH decoding candidates.  

Observation 1:  Assuming PDCCH blind decoding is completed by the end of 1st slot of each subframe for 44 BDs, it should be feasible for a UE to perform more than 44 BDs per subframe (e.g. 32 BDs for PDCCH and 56 BDs for sPDCCH candidates).
Observation 2:  To balance UE BDs for PDCCH and sPDCCH, sTTIs in the first slot of a subframe can have fewer BDs (e.g. 4 BDs/sTTI) compared to sTTIs in the second slot of the subframe (e.g., 14 BDs/sTTI).
Proposal 1:  If a UE is configured with DL 2OS-based sTTI, 

· the number of PDCCH BDs is reduced.

· sTTIs in the first slot can have fewer sPDCCH monitoring candidates.

3    Aggregation levels of sPDCCH
Assuming 36REs/CCE similar to PDCCH, in a sTTI containing 2 OFDM symbols without any reference symbol overhead (i.e., 24 RE/RB), aggregation level (AL) 8 requires ~12 RBs (i.e., more than 20% overhead in 50RB system). Therefore, it seems that upto AL 8 can be supported for 2OS-sTTI. 
Proposal 2: Assuming a CCE size of 36REs for sPDDCH, aggregation levels [1, 2, 4, 8] are supported for 2OS-based sTTIs.
Based on the above analysis of number of BDs, assuming 2 DCI formats to be monitored (cf. [1]), in each sTTI 2-7 sPDCCH candidates can be monitored. In our view, candidates with different aggregation levels should be monitored in a subframe so that every UE, if configured for sTTI operation, can enjoy the benefits of latency reduction to some extent. Table 1 shows an example of possible aggregation levels for a sTTI as a function of number of sPDCCH candidates monitored in the sTTI. Note that higher ALs (i.e., 4 and 8) may not be monitored in all sTTIs of a subframe. For instance, every odd sTTI can have a candidate with AL=4, and every even sTTI can have a candidate with AL=8. This way more candidates with lower ALs (i.e., 1 and 2) can be monitored in an sTTI. 
Table 1: An example of possible aggregation levels for a sTTI as a function of number of sPDCCH candidates monitored in the sTTI: Candidates with higher ALs 4 and 8 may not be monitored in all sTTIs leaving room for monitoring more candidates with ALs 1 and 2. 
	Number of sPDDCH candidates in sTTI
	AL distribution

(a,b,c,d) for (AL=1, AL=2, AL=4, AL=8)

	2
	(1,0,1,0)  in odd sTTIs and (0,1,0,1) in even sTTIs

	4
	(1,1,1,1)

	6
	(2,2,1,1)

	7
	 (2,2,2,1)


4 SPDCCH-PRB-sets

Having multiple PRB-sets for a UE to monitor sPDCCH can enable the eNB to readily multiplex non-sTTI and sTTI UEs in the same subframe by transmitting an sPDCCH scheduling the sTTI UE on a PRB-set that is not overlapped with the non-sTTI transmission, hence reducing the sPDCCH blocking rate (see the example in Figure 1). 
Similar to the current EPDCCH design, for each serving cell, higher layer signalling can configure a UE multiple PRB-sets for sPDCCH monitoring. The PRBs corresponding to each PRB-set can be configured by higher layers. In each sTTI of a subframe where the UE is enabled for sTTI operation, the UE would monitor some or all of the configured PRB-sets. 
For the example shown in Figure 1, eNB configures 4 PRB-sets for sPDCCH control monitoring. Subframe n+1 has a legacy PDSCH allocation overlapping some sPDCCH monitoring sets (e.g. 3,4), however, eNB can use remaining sets (e.g. 1,2) to schedule sPDSCH in that subframe.

Proposal 3: A UE can be configured (by higher layers) to monitor sPDCCH candidates over multiple sets of RBs using similar principle as EPDCCH-PRB-set configuration.
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Figure 1: An example of multiple-PRB set configuration for sPDCCH monitoring.

Different PRB-sets for sPDCCH monitoring can have different bandwidth, different number of decoding candidates, and may support different aggregation levels. For instance, as shown in Figure 2, sets 1 and 4 in Figure 1 include two decoding candidates with AL=1, and one decoding candidate with AL=2 taking about 3 RBs assuming 36 REs/CCE; whereas sets 2 and 3 have one candidate with AL=4 and one candidate with AL=8 taking about 12 RBs. Assuming 7 sPDCCH candidates per sTTI, UE monitors either of the sets (1, 2, 3) or (4, 2, 3). The eNB can signal which sets to monitor at the beginning of the subframe e.g., based on the knowledge of the resources to be given to non-sTTI operation. Note that in this example, the UE always monitors configured sPDCCH-PRB-sets 2 and 3 in all sTTIs even if the UE misses the signal indicating which sets to monitor.
Proposal 4: If two-stage DCI is supported, DCI at the beginning of the subframe indicates which subsets from the higher layer configured sets to monitor. A default set of sPDCCH candidates are monitored irrespective of indication at beginning of subframe. 

 The sets can be pruned if the UE can monitor less than 7 candidates in every sTTI or in some sTTIs of a subframe (for instance, the sTTIs in the first slot cf. proposal 1). For instance to monitor 4 candidates per sTTI, 
· sets 1 and 4 can be pruned to have only 1 candidate with AL=1 or 
· the candidate with AL=8 can be taken out of set 2 while the candidate with AL=4 can be taken out of set 3.
If monitoring of only 2 sPDCCH candidates supported per sTTI (e.g., for the sTTIs of the first slot), sets 1 and 4 can contain only a single candidate with AL=2, and set 2 is composed of only one candidate with AL=4 in some of the sTTIs while set 3 is empty and in the remaining sTTIs, set 3 is composed of only one candidate with AL=4 while set 2 is empty.
In the above example, in every sTTI where 7 sPDCCH candidates are monitored, each of ALs=1, 4, and 8 have 2 candidates and AL=2 has one candidate. To have 2 candidates with AL=1, 2, and 4, and only 1 candidate for AL=8 as shown in Table 1, set 1 and 4 each can contain an additional AL=2 candidate e.g., spanning CCEs 2-3 for set 1 and CCE18-19 for set 4, respectively. In odd sTTIs, set 2 has no AL=8 candidate, and in even sTTIs, set 3 has no AL=8 candidate.     
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Figure 2: An example of sPDCCH decoding candidates belonging to different PRB-sets (represented by different colors). Assuming 7 sPDCCH candidates per sTTI, UE monitors either of the sets (1, 2, 3) or (4, 2, 3). CCEs of the first two sets are mapped within the first half of the system BW, and CCEs of the second two sets are mapped within the second half of the system BW.
5 sPDCCH resource mapping
In frequency domain, according to proposal 3, a UE can be configured to monitor sPDCCH candidates over multiple sets of RBs using similar principle as EPDCCH-PRB-set configuration. Looking at example shown in Figure 2, a UE can be configured with sPDCCH candidates present in 2 chunks of ~12 RBs. Note that RBs are indexed in logical domain and are not necessarily consecutive.    

In time domain, sPDCCH candidates can occupy 1 or 2 symbols in all sTTIs of a subframe (2 sTTIs allow upto 3 symbols). In the past meetings, there have been proposals to have CRS-based sPDCCH occupy only the 1st symbol of an sTTI e.g., to potentially enhance latency and frequency diversity. In our view, having 2 OFDM symbols for both DMRS-based and CRS-based sPDCCHs could simplify the design, and could allow simultaneous scheduling using multiple high aggregation levels easier (e.g., In an sTTI containing 2CRS ports at the 1st symbol of sTTI, two UL grants with AL=8 may require ~72 RBs if sPDCCHs span only one symbol whereas only ~30 RBs may be needed if sPDCCHs span two symbols). We also note that the frequency diversity gain of using one symbol vs. two symbols for sPDCCH candidates with AL=2 or higher in an sTTI may become small. In addition, unless HARQ-ACK timing is reduced for 1symbol sPDCCH when compared to 2symbol sPDCCH case, the latency reduction benefit of having sPDCCH occupy one symbol is not clear. If different number of sTTIs needed for processing 1-symbol based SPDCCH and 2-symbol-based sPDCCH, considering DMRS-based sPDCCH is likely to span over 2 symbols, then different processing times needed for DMRS-based vs. CRS-based sPDCCHs which may complicate the HARQ timing for a UE. With respect to early CRS-based sPDCCH decoding, the UE hardware should be dimensioned for the worst case delay which occurs when CRS is not in the 1st symbol of the sTTI. In that situation, unless the receiver only uses CRS within/before the sPDCCH symbol (which would tradeoff the performance) the early decoding benefit is not clear. In the following, we give an example that based on the position of CRS symbols with respect to an sTTI; early sPDCCH decoding benefit may not be always achievable.
Based on the recently agreed DL sTTI layout 1, and assuming 2 CRS antenna ports, consider sPDCCH for sTTI index 1 shown in Figure 3. The early decoding benefit of having sPDCCH span only the 1st symbol of the sTTI may not be achievable, because of poor sPDCCH decoding performance. For instance, if the UE has not been scheduled in the previous subframes (e.g., due to DRX), the CRS filtering performance to estimate the channel quality may not be quite accurate as the only already available CRS symbol is located at the 1st symbol of the sTTI 0 (i.e., 3 symbols before the beginning of the sTTI index 1). In such a scenario, including the CRS in the second symbol of the sTTI index 1 (i.e., OFDM symbol 4) for sPDCCH demodulation may be useful. Similarly, for sTTI0 in both DL sTTI patterns, if sPDCCH uses 4 CRS antenna ports for transmit diversity, then having sPDCCH span two symbols may be beneficial.   
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Figure 3: CRS locations (assuming 2 ports) in DL sTTI pattern 1.

 Observation 3: sPDCCH early decoding may not be achievable for 1symbol sPDCCH in scenarios where a CRS after the sPDCCH symbol is potentially used for sPDCCH decoding (e.g., sTTI index 1 in DL sTTI layout 1). 

Observation 4: Unless HARQ-ACK timing is reduced for 1symbol sPDCCH, latency reduction benefit of sPDCCH spanning only the 1st symbol of the sTTI is unclear.    

Proposal 5: CRS-based and DMRS-based sPDCCH span 2 OFDM symbols as baseline.
Conclusions

In this contribution we discussed our views on various aspects of control signalling for sTTI operation and make the following observations
· Observation 1:  Assuming PDCCH blind decoding is completed by the end of 1st slot of each subframe for 44 BDs, it should be feasible for a UE to perform more than 44 BDs per subframe (e.g. 32 BDs for PDCCH and 56 BDs for sPDCCH candidates).
· Observation 2: To balance UE BDs for PDCCH and sPDCCH, sTTIs in the first slot of a subframe can have fewer BDs (e.g. 4 BDs/sTTI) compared to sTTIs in the second slot of the subframe (e.g., 14 BDs/sTTI).  
· Observation 3: sPDCCH early decoding may not be achievable for 1symbol sPDCCH in scenarios where a CRS after the sPDCCH symbol is potentially used for sPDCCH decoding (e.g., sTTI index 1 in DL sTTI layout 1).
· Observation 4: Unless HARQ-ACK timing is reduced for 1symbol sPDCCH, latency reduction benefit of sPDCCH spanning only the 1st symbol of the sTTI is unclear.
Based on the observations, we propose the following
· Proposal 1:  If a UE is configured with DL 2OS-based sTTI, 

· the number of PDCCH BDs is reduced.

· sTTIs in the first slot can have fewer sPDCCH monitoring candidates.
· Proposal 2: Assuming a CCE size of 36REs for sPDDCH, aggregation levels [1, 2, 4, 8] are supported for 2OS-based sTTIs.
· Proposal 3: A UE can be configured (by higher layers) to monitor sPDCCH candidates over multiple sets of RBs using similar principle as EPDCCH-PRB-set configuration.
· Proposal 4: If two-stage DCI is supported, DCI at the beginning of the subframe indicates which subsets from the higher layer configured sets to monitor. A default set of sPDCCH candidates are monitored irrespective of indication at beginning of subframe. 
· Proposal 5: CRS-based and DMRS-based sPDCCH span 2 OFDM symbols as baseline.
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