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1	Introduction
In the Work Item (WI) for Rel-16 MTC enhancements for LTE, one of the objectives is scheduling enhancements [1]:
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This contribution discusses the potential usage of scheduling enhancements with single DCI for multiple transport blocks and HARQ processes.
[bookmark: _Ref178064866]2	Unicast
2.1	DL aspects
For Rel-13 functionality, the maximum DL throughput for a half-duplex FDD UE is 300 kbps with the scheduling pattern according to Figure 1. The Rel-14 HARQ-ACK bundling functionality allows for the ACK/NACK feedback from up to 4 TBs to be bundled, and scheduling pattern for maximum throughput of 530 kbps is depicted in Figure 2. 
It can be noted that the maximum throughput is obtained by optimizing the use of the different HARQ processes based on the constrained subframes to maximize the number of subframes used for PDSCH transmissions, i.e. the PDSCH duty cycle.
[image: ]
[bookmark: _Ref521423007][bookmark: _Ref521423002]Figure 1: Scheduling pattern for maximum DL throughput of Rel-13 BL/CE UE in half-duplex FDD.
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[bookmark: _Ref521423078]Figure 2: Scheduling pattern for maximum DL throughput using Rel-14 HARQ-ACK bundling functionality for BL/CE UE in half-duplex FDD.

With repetitions on MPDCCH and PDSCH, there are less opportunities to align the HARQ processes. Two scheduling examples are given in Figure 3 and Figure 4, with 4 repetitions on MPDCCH and 4 and 16 repetitions on PDSCH, respectively. For these two cases it can be noted that with 4 repetitions on PDSCH a PDSCH duty cycle of 29% is achieved but with 16 repetitions the duty cycle is 62%. 
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[bookmark: _Ref521508883]Figure 3: Scheduling pattern for 4 repetitions on MPDCCH and 4 repetitions on PDSCH.
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[bookmark: _Ref521508885]Figure 4: Scheduling pattern for 4 repetitions on MPDCCH and 4 repetitions on PDSCH.
An alternative approach to scheduling one transmission with a large number of repetitions is to segment the data into smaller transport blocks and use fewer repetitions for each transport block and rely more on HARQ retransmissions. The performance of this approach suffers from the reduced PDSCH duty cycle, and if the duty cycle can be increased, the throughput in poor coverage is increased. 
An example of scheduling 4 transport blocks, each with 4 repetitions on PDSCH, with a single DCI is presented in Figure 5. For this case, the PDSCH duty cycle is 55%, which potentially may significantly improve the throughput in poor coverage. It is proposed that the different transport blocks use individual HARQ ACK/NACK feedbacks in sequential subframes following the last PDSCH transmissions with the legacy timing. 
[bookmark: _Toc521659298]Scheduling multiple DL transport blocks with a single DCI may improve the throughput in conditions requiring repetitions on MPDCCH and PDSCH and using HARQ retransmissions.
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[bookmark: _Ref521509616]Figure 5: Example of scheduling pattern for multiple DL transport blocks with single DCI.
Table 1 presents an overview of the DCI fields in format 6-1A and an initial evaluation of which fields that are affected by scheduling multiple transport blocks in one common DCI. The fields that mainly are affected by the allocation of several transport blocks can be divided into three groups:
· HARQ process number and the new data indicator (NDI) related to the HARQ processes
· Resource assignment (scheduling interaction between different UEs)
· MCS, repetition numbers, and redundancy version (only affecting a single UE)
For these fields, a combination of dynamic indication and semi-static configuration may be considered to limit the impact on the size of the DCI while at the same time obtaining sufficient scheduling enhancements. 
[bookmark: _Ref521514743]Table 1: Initial evaluation of impacted fields in DCI format 6-1A
	DCI field
	Number of bits in legacy DCI format 6-1A
	Interpretation when multiple transport blocks enabled via RRC

	Flag for 6-0/6-1 differentiation
	1
	Same value for all TBs

	Frequency-hopping flag
	1
	Same value for all TBs

	Resource assignment
	5-9
	Same value for all [initial transmissions] TBs

	Number of PDSCH repetitions
	2
	Same value for all [initial transmissions] TBs

	HARQ process number
	3 (FDD) or 4 (TDD) 
	Needs modification via a combination of dynamic and semi-static configuration. 

	MCS
	4
	Same value for all [initial transmissions] TBs

	RV
	2
	Same value for all [initial transmissions] TBs

	NDI
	1
	Modified. One NDI bit for each HARQ process

	PMI confirmation (TM6-specific)
	1
	Same value for transmissions

	Precoding information (TM6-specific)
	2 or 4
	Same value for all transmission

	DM-RS scrambling / antenna ports (TM9-specific)
	2
	Same value for all TBs

	Downlink assignment index (TDD-specific)
	2
	Same value for all TBs

	PUCCH power control
	2
	Same value for all TBs

	SRS request
	1
	Same value for all TBs

	Ack/Nack offset
	2
	Same value for all TBs

	Number of MPDCCH repetitions
	2
	Modified (to be used to HARQ configuration indications)



2.2	UL aspects
The maximum UL throughput for a half-duplex FDD UE is 375 kbps with a scheduling pattern according to Figure 6. Similarly, to the case for the DL, it can be noted that the maximum throughput is obtained by optimizing the use of the different HARQ processes based on the constrained subframes to maximize the number of subframes used for PUSCH transmissions, i.e. the PUSCH duty cycle.
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[bookmark: _Ref521424256]Figure 6: Scheduling pattern for maximum UL throughput of Rel-13 BL/CE UE in half-duplex FDD. 
With repetitions on MPDCCH and PUSCH, there are less opportunities to align the HARQ processes. Two scheduling examples are given in Figure 7 and Figure 8, with 4 repetitions on MPDCCH and 4 and 16 repetitions, respectively, on PUSCH. For these two cases it can be noted that with 4 repetitions on PDSCH a PUSCH duty cycle of 33% is achieved but with 16 repetitions the duty cycle is 67%. 
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[bookmark: _Ref521426384]Figure 7: Scheduling pattern with 4 repetitions on MPDCCH and 4 repetitions on PUSCH. 
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[bookmark: _Ref521426623]Figure 8: Scheduling pattern with 2 repetitions on MPDCCH and 16 repetitions on PUSCH.
The approach of segmenting data into smaller transport blocks that requires less repetitions, and relying more on HARQ retransmissions, suffers from a reduced duty cycle with moderate number of repetitions. If multiple PUSCH transport blocks can be scheduled with a single DCI, as outlined in in Figure 9, the throughput may thus be improved in poor coverage. 
[bookmark: _Toc521659299]Scheduling multiple UL transport blocks with a single DCI may improve the throughput in conditions requiring repetitions on MPDCCH and PUSCH and using HARQ retransmissions.
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[bookmark: _Ref521426387]Figure 9: Scheduling of multiple UL TBs with single DCI resulting in 66.7% PUSCH duty cycle.
Table 2 presents an overview of the DCI fields in format 6-0A and an initial evaluation of which fields that are affected by scheduling multiple transport blocks in one common DCI. The fields that mainly are affected by the allocation of several transport blocks can be divided into three groups:
· HARQ process number and the new data indicator (NDI) related to the HARQ processes
· Resource assignment (scheduling interaction between different UEs)
· MCS, repetition numbers, and redundancy version (only affecting a single UE)
For these fields, a combination of dynamic indication and semi-static configuration may be considered to limit the impact on the size of the DCI while at the same time obtaining sufficient scheduling enhancements. 

[bookmark: _Ref521514792]Table 2: Initial evaluation of impacted fields in DCI format 6-0A
	DCI field
	Number of bits in legacy DCI format 6-0A
	Interpretation when multiple transport blocks enabled via RRC

	Flag for 6-0/6-1 differentiation
	1
	Same value for all TBs

	Frequency-hopping flag
	1
	Same value for all TBs

	Resource assignment
	5 to 9
	Same value for all [initial transmissions] TBs

	MCS
	4
	Same value for all [initial transmissions] TBs

	Repetition number
	2
	Same value for all [initial transmissions] TBs

	HARQ process number
	3
	Needs modification via a combination of dynamic and semi-static configuration.

	NDI
	1
	Modified. One NDI bit for each HARQ process

	RV
	2
	Same value for all [initial transmissions] TBs

	TPC command
	2
	Same value for all TBs

	Downlink Assignment Index (TDD-specific)
	2
	Same value for all TBs

	UL index (TDD-specific)
	2
	

	CSI request
	1
	Same value for all TBs

	SRS request
	1
	Same value for all TBs

	DCI subframe repetition number
	2
	Same value for all TBs



2.3	Summary
BL/CE UEs in CE mode A support at least 8 HARQ processes in both UL and DL. Since there are several constraints (e.g. half-duplex FDD scheduling, scheduling gap, MPDCCH search space, and HARQ ACK/NACK feedback) for how these HARQ processes can be utilized, there is a potential of saving resources and increasing the throughput in poor coverage, as outlined in Sections 2.1 and 2.2, if one DCI can be used to schedule multiple transport blocks (TBs) using separate HARQ processes. This is most prominent if the number of repetitions used are in the same order as the number of constrained subframes, hence it is considered mostly applicable to CE mode A.
Due to that the traffic can change dynamically, the number of scheduled HARQ processes should be indicated dynamically in the DCI rather than to let the UE to monitor two different DCI formats, one for single HARQ process scheduling and one for multiple HARQ process scheduling. However, the maximum possible HARQ processes that can be scheduled at once can be configured via RRC.
[bookmark: _Toc521659300]Scheduling of multiple DL/UL transport blocks with a single DCI is only considered for CE mode A.
[bookmark: _Toc521659301]To reduce the DCI monitoring effort, the number of scheduled HARQ processes is dynamically indicated in the DCI.
[bookmark: _Toc521659302]The maximum number of HARQ processes that can be scheduled at once is configured via RRC.

3	Multicast
For SC-PTM, as it is DL only, no physical layer feedback is necessary. For SC-MCCH, as it targets all the UEs that support SC-PTM in a cell, using one DCI to schedule multiple TBs would cause backward compatibility problems. However, for SC-MTCH, as discussed in [4], in order to reduce the control channel overhead, it is reasonable to use a single DCI to schedule several SC-MTCH TBs at the same time.
Apparently, due to limited DL resources, it is not reasonable to schedule a very large amount of SC-MTCH TBs at the same time. Therefore, there is a trade-off between the number of SC-MTCH TBs that can be scheduled simultaneously, and the MPDCCH overhead. Considering the number of available bits, and the DCI overhead, we can use 2 to 4 bits in the DCI to indicate the number of scheduled SC-MTCH segments. 
[bookmark: _Toc520900945][bookmark: _Toc521659303]In SC-PTM, in order to reduce the MPDCCH overhead, it is reasonable to use a single DCI to schedule several consecutive SC-MTCH TBs. 
[bookmark: _Toc520900946][bookmark: _Toc521659304]Consider using 2 to 4 bits in the DCI to indicate the number of scheduled SC-MTCH segments. 
4	Conclusion
In the previous sections we made the following observations: 
Observation 1	Scheduling multiple DL transport blocks with a single DCI may improve the throughput in conditions requiring repetitions on MPDCCH and PDSCH and using HARQ retransmissions.
Observation 2	Scheduling multiple UL transport blocks with a single DCI may improve the throughput in conditions requiring repetitions on MPDCCH and PUSCH and using HARQ retransmissions.


Based on the discussion in the previous sections we propose the following:
Proposal 1	Scheduling of multiple DL/UL transport blocks with a single DCI is only considered for CE mode A.
Proposal 2	To reduce the DCI monitoring effort, the number of scheduled HARQ processes is dynamically indicated in the DCI.
Proposal 3	The maximum number of HARQ processes that can be scheduled at once is configured via RRC.
Proposal 4	In SC-PTM, in order to reduce the MPDCCH overhead, it is reasonable to use a single DCI to schedule several consecutive SC-MTCH TBs.
Proposal 5	Consider using 2 to 4 bits in the DCI to indicate the number of scheduled SC-MTCH segments.
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Scheduling enhancement:      Specify scheduling multiple DL/UL transport blocks  with or without DCI  for  SC - PTM and  unicast   [RAN1,  RAN2]   o   Enhancement of SPS can be discussed.  
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