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1   Introduction
In this contribution, we discuss our views on shortened TTI (sTTI) operation with different sTTI lengths.
2   Discussion

When configured with sTTI operation, a UE is expected to receive sPDSCH and sPDCCH within the sTTIs in a subframe. In the following, we describe sPDSCH and sPDCCH design for the agreed 0.5ms and 2symbol sTTI lengths.

2.1 Design for 0.5ms sTTI

For 0.5ms sTTI, LAA DL design principles for initial and ending partial subframes currently in the specifications can be reused. Therefore, for slot-level sTTI, the UE can monitor UE-specific search space candidates carrying sDCI (DCI for sTTI operation) in both the first and second slots of a subframe. 

One difference from LAA PDCCH design would be that instead of occupying all the RBs in a carrier, the possibility of sPDCCH occupying only a subset of RBs should also be supported. i.e., the CCEs corresponding to sPDCCH would be created from the first one or two OFDM symbols of a slot in time domain and a set of configured RBs in the frequency domain. In order to provide some flexibility for the eNB to dynamically adjust the fraction of resources used for sTTI vs. regular 1ms TTI transmission, the UE can be configured to monitor sPDCCH candidates over multiple sets of RBs. This is similar to bandwidth configuration of EPDCCH via EPDCCH-PRB-sets already defined in the specifications. DMRS based sPDCCH could be supported similar to the existing EPDCCH design for LAA. 
Proposal 1: For slot-level sTTI-sPDCCH, and sPDSCH design can be based on design principles of LAA initial and ending partial subframes.
2.2 Design for 2-symbol TTI

As mentioned above, 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 6 PRB-sets for sPDCCH control monitoring. Subframe n+1 has a legacy PDSCH allocation overlapping some sPDCCH monitoring sets (e.g. 4,5,6), however, eNB can use remaining sets (e.g. 1,2,3) to schedule sPDSCH in that subframe.
Proposal 2: A UE can be configured to monitor sPDCCH candidates over multiple sets of RBs using similar principle as EPDCCH-PRB-set configuration.
Different PRB-sets for sPDCCH monitoring can have different bandwidth, different number of decoding candidates, and may support different aggregation levels (AL). For instance, as shown in Figure 2, each of sets 1,2,4,5 in Figure 1 may include two decoding candidates with AL=1, and one decoding candidate with AL=2 taking about 3 RBs assuming 36 REs/CCE; whereas sets 3 and 6 may have one candidate with AL=4 and one candidate with AL=8 in addition to one candidate with AL=1 and one candidate with AL=2, taking about 12 RBs.
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Figure 1: An example of multiple-PRB set configuration for sPDCCH monitoring.
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Figure 2: An example of sPDCCH decoding candidates belonging to different PRB-sets (represented by different colors). Set 3 includes some of the decoding candidates belonging to sets 1 and 2. Set 6 includes some of the decoding candidates belonging to sets 4 and 5. CCEs of the first three sets are mapped within the first half of the system BW, and CCEs of the second three sets are mapped within the second half of the system BW. 
Among different sTTIs of a subframe, the sets to be monitored in each sTTI can change with sTTI index within the subframe to provide more flexible sPDCCH scheduling. For instance, assuming 6 sTTIs with sPDCCH candidates in a subframe, sets (1,6); (3,4); (2,6); (3,5); (1,6); (3,4) can be monitored in the sTTIs 1,2,3,4,5,6 respectively of the subframe. This is similar to changing the UESS starting CCE index from one subframe to another in existing LTE specifications.

Proposal 3: The set of CCE indices searched by a UE for sPDCCH monitoring can change with sTTI index inside a subframe.

Increasing number of sPDCCH PRB-sets can increase sPDCCH scheduling flexibility. If a large number of PRB-sets is needed, eNB may limit the number of sets to be monitored in a subframe via explicit signalling. Even if the UE misses the eNB indication of set limitation, the UE can monitor a default PRB-set to monitor sPDCCH candidates in a subframe. It is desired to have the default set overlap with most of the configured PRB-sets to increase the sPDCCH scheduling flexibility. For instance, in the example above, a default set can be made of one candidate with each of the aggregation levels 1, 2, 4, and 8 belonging to the different PRB-sets. In odd sTTIs of the subframe, the default set can contain four sPDCCH decoding candidates: CCE0 for AL=1, CCE16,17 for AL=2, CCE0-3 for AL=4, and CCE16-23 for AL=8, and for even sTTIs of the subframe, the default set can contain CCE16 for AL=1, CCE0,1 for AL=2, CCE16-19 for AL=4, and CCE0-7 for AL=8.
  Assuming 4-6 blind decodes (BDs) per sTTI as considered in the examples given above, and considering 6 sTTIs in a subframe with sPDCCH decoding candidates (e.g., 2 sTTIs in the first slot and 4 sTTIs in the second slot), 24-36 additional BDs needed per subframe. Noting that not all of the sPDCCH BDs need to be processed at the same time, as they occur in different sTTIs; it is feasible to support additional BDs per subframe (e.g. similar to doubling of BDs per subframe supported for LAA initial partial subframes). For example, assuming 32 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 upto 32 BDs for sPDCCH decoding in 2nd slot of the subframe. However, to accommodate blind decoding for the sPDCCH decoding candidates belong to the sTTIs of the first slot (8-12 BDs in our examples), the number of PDCCH BD candidates can be reduced from 32 to 24 or 20.
Observation 1:  It should be feasible for a UE to perform more than 32 UESS BDs per subframe (e.g. 24 BDs for PDCCH and 24 BDs for sPDCCH candidates) assuming PDCCH blind decoding is completed by the end of 1st slot of each subframe.
Observation 2:  To balance UE BDs for PDCCH and sPDCCH, sTTIs in the first slot of a subframe can have fewer BDs compared to sTTIs in the second slot of the subframe .  
It is remarked that the UE processing capability has been also increased since Rel-8, which can accommodate additional BDs at the cost of negligible processing delay.  
From a rate-matching perspective, when sPDSCH is assigned by sPDCCH, a similar approach as EPDCCH can be used, i.e., if the UE is assigned an sPDSCH via an sPDCCH, the UE can assume that sPDSCH is not mapped to any PRBs carrying the sPDCCH associated with the sPDSCH. 
Figure 3 shows a subframe with 7 sTTIs, each with 2 symbol length. Assuming 2CRS antenna ports, sTTIs 1,4, and 6 do not contain CRS, while other sTTIs (i.e., 0,2,3,5), each have 1 symbol containing CRS. Table 1 shows the amount of non CRS resources (REs) in a sTTI as a function of RBs configured for sTTI operation. 
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Figure 3: A subframe containing 2-symbol sTTIs (2 CRS antenna ports).
Table 1: Number of non-CRS REs in a 2-symbol sTTI (2 CRS antenna ports).
	#of RBs configured
for sTTI operation
	available REs in a sTTI with CRS
	available REs in a sTTI without CRS

	6
	120
	144

	15
	300
	360

	25
	500
	600

	50
	1000
	1200

	75
	1500
	1800

	100
	2000
	2400


For regular 1ms TTI operation, resources per subframe are allocated at PRB-pair level granularity. The number of REs per PRB-pair is ~132
REs. For a 2 symbol sTTI, if a RB is assumed to be defined as 2 symbols and 12 subcarriers, the number of REs per RB will be ≤ 24 depending on the presence of other reference signals in that RB. Allocating resources at 24RE per resource unit level granularity leads to unnecessarily large control overhead. Given this, RBs for 2-symbol sTTI operation can be grouped in RBGs and RB assignments should be made at RBG-level granularity (multiple of current LTE RBG size for a given downlink system bandwidth). For example, an RBG size of 6RBs (each RB spanning 2 symbols for up to 10MHz downlink system bandwidth, sTTI RBG size of 8 RBs spanning 2 symbols for above 15/20 MHz system bandwidth) can give a resource allocation granularity comparable to regular TTI operation. For DMRS based transmission modes, UE can assume same precoding across all RBs within a RBG.
Proposal 4: For 2-symbol sTTI, resources should be allocated at RBG-level granularity. RBG size can be 6RB/8RB with each RB spanning 2 symbols. 

Depending on the number of RBs allocated for sTTI operation, the total available REs in each sTTI can change considerably as shown in Table 1. For regular TTI operation, the UE is expected to blindly decode (E)PDCCH for DCI, and based on the DCI, it determines its PDSCH assignment and decodes data sent on PDSCH. Following the same approach can lead to unnecessary complexity and inefficiency for some cases of sTTI operation. For example, considering a case where 25RBs are configured for sTTI, after accounting for CRS overhead there are 500REs available in a sTTI. These can be used for sending two or three TCP-ACKs
 for medium SNR users. For such small packet transactions, instead of spending resources for a separate control channel, one option is to allow the UE to blindly decode small data packets. This can be done by re-provisioning some of the blind decodes that the UE would normally do for control reception such that the UE looks for both BD candidates for control channel with DCI and BD candidates for small data packets.   
Proposal 5: For small sTTI sizes (e.g. 2-symbol sTTI in 25RBs), direct decoding of small data packets with known candidate sizes (e.g. TCP ACKs, VoIP) along with regular blind decoding of control channel candidates can be considered as an option for reducing control overhead and latency. 
During the study item phase, some proposals to use a two-stage DCI (e.g. [1]) amd multi-TTI scheduling [2] were discussed. For the two-stage DCI, some part of control information (1st stage DCI) is sent once in a subframe and remaining part (2nd stage DCI) is sent in every sTTI of the subframe. For multi-TTI scheduling, multiple sTTIs are scheduled for a UE via a single grant.  The benefits/disadvantages of 2 stage DCI should be compared to the baseline 1 stage DCI approach considering the following aspects. 

1) A two stage DCI leads to more error conditions that both the eNB and UE have to handle. Especially, the first stage has to be protected fairly well as it applies to multiple sTTIs within the subframe. Since different UEs can be scheduled in different sTTIs, then the eNB may not know which UEs will be scheduled using later sTTIs at the beginning of a subframe. Furthermore, the first stage DCI should be sent assuming worst-case coverage UE among all UEs configured for sTTI operation. These can have a negative impact on control channel overhead and need to be studied further.   
2) With the two-stage approach, the UE is expected to decode 1st stage DCI (e.g. sent using legacy PDCCH) and also the second stage DCI (e.g. sent using sPDCCH within the sTTI) before it can decode sPDSCH. Given this, the UE has to wait till PDCCH decoding is completed before it can start sPDSCH decoding. Depending on UE implementation, legacy PDCCH decoding may not be completed until the first slot of a subframe, which has a negative impact on sPDSCH decoding latency especially for sTTIs in the beginning portion of the subframe. Therefore, the exact timeline for 2 stage DCI decoding and associated latency impact need to be studied further.  
3) Additional overhead of a 2 stage DCI approach, e.g. a 16 bit CRC, should be accounted for in its evaluation. 
Proposal 6: Factors such as overhead, UE processing time impact and robustness to error conditions should be accounted for when considering 2stage DCI. 
3 Conclusions

In this contribution we discuss sTTI design and propose the following
Proposal 1: For slot-level sTTI- sPDCCH, and sPDSCH design can be based on design principles of LAA initial and ending partial subframes.
Proposal 2: A UE can be configured to monitor sPDCCH candidates over multiple sets of RBs using similar principle as EPDCCH-PRB-set configuration.
Proposal 3: The set of CCE indices searched by a UE for sPDCCH monitoring can change with sTTI index inside a subframe.
Proposal 4: For 2-symbol sTTI, sPDSCH resources should be allocated at RBG-level granularity. RBG size can be 6RB/8RB with each RB spanning 2 symbols. 

Proposal 5: For small sTTI sizes (e.g. 2-symbol sTTI in 25RBs), direct decoding of small data packets with known candidate sizes (e.g. TCP ACKs, VoIP) along with regular blind decoding of control channel candidates can be considered as an option for reducing control overhead and latency. 
Proposal 6: Factors such as overhead, UE processing time impact and robustness to error conditions should be accounted for when considering 2stage DCI.
Observation 1:  It should be feasible for a UE to perform more than 32 UESS BDs per subframe (e.g. 24 BDs for PDCCH and 24 BDs for sPDCCH candidates) assuming PDCCH blind decoding is completed by the end of 1st slot of each subframe.
Observation 2:  To balance UE BDs for PDCCH and sPDCCH, sTTIs in the first slot of a subframe can have fewer BDs compared to sTTIs in the second slot of the subframe .
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� Assuming n=1 OFDM symbol for control region, 2 port CRS, 2port DMRS and leaving out other (CSI-RS etc.) overhead.


� Assuming 40/52 bytes for TCP ACK, and 16QAM for MCS.






