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1   Introduction
In this contribution, we discuss our views on shortened TTI (sTTI) scheduling mechanism for different DL sTTI lengths, including physical layer design of sPDCCH, DCI aspects including sDCI message size, one-level vs. two-level DCI, and multi-sTTI scheduling. 
In RAN1 86bis, the following was agreed:
· 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

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 sPDCCH design for the agreed 0.5ms and 2symbol sTTI lengths.

In our view, 

· a sTTI scheduling scheme based on a single level DCI design with properly selected RBG size has several advantages (which will be detailed in this contribution) over scheduling schemes based on two level DCI designs, where both DCI levels should be decoded for the user to decode sPD(U)SCH. 

· RRC configures sPDCCH monitoring sets for a user. The user would monitor sPDCCH decoding candidates in each of the configured sets. 
· If needed, cell-specific L1 signaling 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 signaling, it still monitors sPDCCH in each of the configured sets and may be able to decode the scheduled sPD(U)SCH.
· multi-sTTI scheduling can be used to further reduce the scheduling and the reference signal (RS) overhead (in addition to increasing the RBG size compared to that of regular 1ms TTI).

2.1 Physical layer design of sPDCCH 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 Physical layer design of sPDCCH for 2-symbol sTTI

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.
Proposal 3: The set of CCE indices monitored 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, explicit L1 signalling eNB can be used to limit the number of sets to be monitored in a subframe. Even if the UE misses the eNB indication of set limitation, the UE can monitor a default sPDCCH candidate set for sPDCCH candidates in a subframe. The default set should 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 4-7 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), 24-42 additional BDs are 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 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 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 up to 32 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 (8-14 BDs in our examples), the number of PDCCH BD candidates can be reduced from 32 to 24 or 18.

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.  
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. 

2.3   sDCI message

In this section, we discuss expected sDCI message size considering RBG-level resource allocation. Then we provide our views on multi-sTTI scheduling as well as on two-level DCI schemes.
2.3.1 Resource allocation

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, and an RBG size of 8 RBs for 15/20 MHz system bandwidth can give a resource allocation granularity comparable to regular TTI operation. The resource allocation granularity can be further reduced for control payload saving purpose, for instance, RBG size of 8-16 RBs for 15/20 MHz system can be used. For DMRS based transmission modes, UE can assume same precoding across all RBs within a precoding resource group (PRG), where each RBG is composed of one PRG for RBG size of 6-8 RBs and two PRGs for RBG size of larger than 6-8 RBs as an example.

Proposal 4: For 2-symbol sTTI, resources should be allocated at RBG-level granularity. RBG size can be 6RB-16RB with each RB spanning 2 symbols. 

The eNB should have the capability of scheduling multiple UEs in an sTTI, especially for low-latency packets with small size in a system with large bandwidth.

Proposal 5: The eNB should be able to schedule multiple UEs (e.g., upto 6 UEs in distinct resources in 20 MHz system) in an sTTI. 
Based on the above discussion, we expect 4-8 bits can be sufficient for resource allocation. This would lead to the following possible sDCI sizes (larger size for MIMO and smaller size similar to DCI 1A). 
Table 2: Possible sDCI sizes for 2-symbol sTTI operation 

	Field

(larger size sDCI)
	Number of bits

(larger size sDCI)
	
	Field

(smaller size sDCI)
	Number of bits

(smaller size sDCI)

	Resource block assignment DL
	4-8

	
	UL/DL differentiation flag
	1

	TPC for (s)PUCCH
	2
	
	Resource block assignment DL
	4-8


	HARQ process ID
	3
	
	TPC for (s)PUCCH
	2

	Precoding and layer information
	3
	
	HARQ process ID
	3

	MCS
	2x5
	
	MCS
	5

	NDI
	2x1
	
	NDI
	1

	RV
	2x2
	
	RV
	2

	CRC
	16
	
	CRC
	16

	Total
	44-48
	
	Total
	34-38


Observation 3: For 2-symbol sTTI, assuming 4-8 bits for resource allocation, sDCI payload is expected to be smaller than regular DCI formats. For instance, 34-38 bits for smaller sDCI size (analogous to DCI 1A) and 44-48 bits for larger sDCI size (for scheduling 2 TBs using MIMO schemes). 

· Given the reduced payload, number of CCEs needed to transmit sPDCCH is expected to be smaller than CCEs needed for PDCCH/EPDCCH.   

Proposal 6: sDCI size is based on TM configured for sTTI.
2.3.2   Multi-sTTI scheduling

Multi-sTTI scheduling is a way to further reduce the control overhead. One sDCI can schedule multiple sTTIs. Based on the number of active low-latency users, eNB can set multi-sTTI parameters such as number of consecutively scheduled sTTIs and fraction of frequency resources given to a scheduled UE. For instance, if eNB expects only a few UEs to have data at the same time, it can schedule a UE for a longer time (e.g., seven consecutive sTTIs), whereas if the eNB expects more UEs to have data at the same time, it schedules a UE for a shorter time (e.g., three consecutive sTTIs). Of course, if a new low-latency data comes, similar to SPS resource allocation, eNB can modify the (time or frequency domain) resources given to the scheduled UE.
Proposal 7: For 2-symbol sTTI operation, multi-sTTI scheduling (similar to multi-subframe scheduling for eLAA) can be used to further reduce the control overhead.
2.3.3   Two-level DCI

In RAN1#86bis and earlier meetings, several two-level DCI proposals were discussed. While there are several different proposals for two-level DCI, in general the following DCI fields have been considered for a common DCI   

· for DL 
· Resource allocation bits 
· Precoding information (up to 6 bits)

· for UL 
· Resource allocation bits, 
· Precoding information (up to 6 bits), 
· Cyclic shift of DMRS (3 bits)
The eNB should have the capability of scheduling multiple UEs in a sTTI, especially for small size low-latency packets in a system with large bandwidth. To support this feature, even for the 2-level DCI schemes, some resource allocation bits should be included in the 2nd stage DCI. It should be noted that for sTTI, relatively small number of bits (e.g. 4-8bits as described in earlier section) are needed for resource allocation. Thus, compared to the single-level DCI approach, the two-level DCI approach saves only few bits (e.g., up to 6 bits for precoding in DL) by sending them once in a subframe instead of sending them in each scheduled sTTIs. Even this (precoding bits) saving is questionable if eNB performs multi-user scheduling in some of the sTTIs of the subframe which may not be all for a single UE.  If a UE is scheduled just for a couple of sTTIs in a subframe, the benefit of sending some in a common DCI subframe further is reduced; if the UE is scheduled for more than a couple of sTTIs in a subframe, gain/benefit with respect to multi-sTTI scheduling should be evaluated.
Observation 4:  Comparing with single-level DCI approaches with reduced resource allocation bits, the two-level DCI approaches can send few bits (~6-10 bits) once in a subframe instead of in each scheduled sTTI of the subframe.
In our view, the two-level DCI sTTI scheduling schemes have the following issues compared to a single-level DCI scheduling scheme:
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. 

Observation 5:  Link level performance is expected to be degraded for 2 level DCI when compared to single level DCI.
Proposal 8: Single level DCI is supported for sPDCCH.

3 Conclusions

In this contribution we discuss our views on various aspects of control signalling for sTTI operation and make the following observations:
sPDCCH design 
· 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.  
sDCI design

· Observation 3: For 2-symbol sTTI, assuming 4-8 bits for resource allocation, sDCI payload is expected to be smaller than regular DCI formats. For instance, 34-38 bits for smaller sDCI size (analogous to DCI 1A) and 44-48 bits for larger sDCI size (for scheduling 2 TBs using MIMO schemes). 
· Given the reduced payload, number of CCEs needed to transmit sPDCCH is expected to be smaller than CCEs needed for PDCCH/EPDCCH.   

· Observation 4:  Comparing with single-level DCI approaches with reduced resource allocation bits, the two-level DCI approaches can send few bits (~6-10 bits) in a common DCI once in a subframe instead of in each scheduled sTTI of the subframe.

· Observation 5:  Link level performance is expected to be degraded for 2 level DCI when compared to single level DCI.

Based on the observations, we propose the following
sPDCCH design

· 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, resources should be allocated at RBG-level granularity. RBG size can be 6RB-16RB with each RB spanning 2 symbols.

· Proposal 5: sPDCCH design should be able to support scheduling of multiple UEs  in the same sTTI.

sDCI design

· Proposal 6: sDCI size is based on TM configured for sTTI.
· Proposal 7: Single level DCI is supported for sPDCCH. 
� Assuming n=1 OFDM symbol for control region, 2 port CRS, 2port DMRS and leaving out other (CSI-RS etc.) overhead.






