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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]:
[image: ]
A summary of earlier RAN1 agreements [2] is copied in Appendix B for reference. The feature lead summary from RAN1#96bis is available in [3].
[bookmark: _Ref178064866]2	Unicast
2.1	Scheduling gaps
Scheduling a CE mode user with many of repetitions and multiple TBs may occupy a set of PRBs for a large number of consecutive subframes. This may put temporal restrictions on the maximum throughput that may be provided for non-BL UEs. By introducing scheduling gaps this temporal restriction may be split in smaller pieces, thus providing more frequent opportunities for higher throughput with lower latency for the non-BL UEs at the expense of a longer delay for the CE mode transmission, as depicted in Figure 1.
[bookmark: _Toc7796717]Scheduling gaps for CE mode multi-TB transmissions provides more frequent opportunities for scheduling higher category (LTE or possibly NR) UEs with maximum throughput.
[bookmark: _Hlk7775180]If the multi-TB transmission is configured with interleaving, the scheduling gap may be introduced between the repetitions of the respective TBs. Thus, in combination with interleaving, scheduling gaps allows for early termination of PUSCH transmissions for all duplex modes including HD-FDD, as shown in Figure 1.
[bookmark: _Toc7796718]Scheduling gaps for CE mode multi-TB transmissions together with TB interleaving allows for early termination of PUSCH transmissions for all duplex modes including HD-FDD.


[image: ]Possibility to either schedule higher category on the full system bandwidth or early terminate PUSCH transmissions for CE mode HD-FDD UE

[bookmark: _Ref7794124]Figure 1: Utilization of scheduling gaps. System bandwidth of 10MHz assumed and 4 HARQ processes (H0-H3) scheduled with 2 repetitions, interleaved HARQ processes, and a scheduling gap of 4 subframes.

The acceptance of the additional delay introduced by scheduling gaps depends on the service characteristics. For a background data transmission, an additional delay may be acceptable, but for e.g. a VoLTE transmission it may not be. This information is available via the QCI values for the established bearers.  
[bookmark: _Toc7796720]Scheduling gaps are supported for both DL and UL and configured separately via RRC signalling.
2.2	Interleaving
For unicast, the UE may be configured for interleaved transmission of subframe repetitions of the respective TBs via RRC signaling. To fully utilize the benefits of early termination of PUSCH transmissions in combination with scheduling gaps, it is proposed that the interleaving is performed every subframe in a round robin order of the scheduled TBs.
[bookmark: _Toc7796721]At least for CE mode A, when the interleaving is enabled, the interleaving is performed every subframe.
2.3	DCI design
The following options are considered for handling the scheduling of both initial transmissions and retransmissions of multiple TBs using single DCI:
1. Scheduling of initial transmissions and retransmission TBs with the same DCI
2. Scheduling of initial transmissions within one DCI and retransmissions with another DCI
3. Scheduling of initial transmissions with one DCI, and retransmission can only be scheduled for a single HARQ process (TB)

Options 1 and 2 provides the best scheduling optimization. But since these options requires that the new data indicator (NDI) and potentially also the redundancy version index (RVI) for the 8 HARQ processes is conveyed via the DCI, this will give a significant increase of the DCI size. Some of this increase may be reduced by joint encoding of different parameters, but it is considered that at least 8 bits are required for the NDI/RVI. The DCI size may be optimized by reducing the size existing fields, but it is considered that this comes at the expense of the limiting the scheduling flexibility and potentially also the use of other Rel-14/15 feature.
If this increase of the size of the DCI (and thus increase of the number of repetitions required for MPDCCH) is motivated may depend on the service requirements for the UE operating in CE mode, and also other services running on higher category UEs operating in the same spectrum. 
The minimum impact on the size of the DCI is provided by Option 3, i.e. only initial transmissions are scheduled with multiple TBs and retransmissions are scheduled individually. This option may be supported with an addition of 3 bits for indicating the number of scheduled TBs, and the allocated HARQ processes and RVs follows (semi-)statically from the legacy parameters. This small addition to the DCI design also makes the configuration and use of multiple TBs together with other Rel-14/15 conceptually simple. A potential drawback with only being able to schedule initial transmissions with the multiple TB scheduling is that the scheduling efficiency may be reduced if a large BLER of the initial transmissions is used. It is considered that this may be alleviated by careful link adaptation and also utilization of interleaving.  
[bookmark: _Ref7775815]Table 1: Impact of DCI size on MPDCCH coverage.
	MPDCCH repetitions
	Additional bits to default 29 bits for DCI

	
	+3
	+6
	+9
	+12

	1
	0.23
	0.46
	0.67
	0.89

	2
	0.20
	0.42
	0.63
	0.82

	4
	0.19
	0.42
	0.56
	0.75

	8
	0.22
	0.41
	0.61
	0.76

	16
	0.20
	0.40
	0.58
	0.70

	32
	0.26
	0.45
	0.51
	0.73



An overview of the reduced coverage with respect to 1% MPDCCH error rate for different number of repetitions and additional bits to the DCI is shown in Table 1. The simulation assumptions are presented in Appendix A. With the addition of maximum 3 bits the MPDCCH coverage is only affected by 0.19-0.26 dB, whereas for 12 bits additions the MPDCCH coverage is reduced by 0.70-0.89 dB.
[bookmark: _Toc7796719]Adding max 3 bits in the DCI reduces the MPDCCH coverage by 0.19-0.26 dB, whereas adding 12 bits reduces the MPDCCH coverage by 0.70-0.89 dB.
Thus, to support a minimum impact on the size of the DCI, it proposed that scheduling of only initial transmissions of multiple TBs with one DCI is supported (Option 3) is supported. Further methods of multiplexing initial and retransmissions may be considered via RRC configuration, e.g. use of a single DCI supporting multiplexing of initial and retransmissions and/or retransmission of multiple TBs.
[bookmark: _Toc7796722]For DL/UL unicast, a parameter of 3 bits is introduced in the DCI to indicate the number of allocated HARQ processes. Further additions to the size of the DCI for parameters to support multiplexing initial and retransmissions (if supported) is configured via RRC signalling.
To allow for a minimum increase of the size of the DCI, the HARQ processes used for the individual TBs in the common DCI may be derived from a single HARQ process number specified in the DCI. The allocated HARQ processes may either be fixed or semi-statically configured.
[bookmark: _Toc7796723]For DL/UL unicast, the allocated HARQ processes for the multiple TBs for initial transmissions are fixed or semi-statically configured based on a single HARQ process number provided in the DCI.

2.4	HARQ ACK/NAK feedback
It was agreed in RAN1#96bis that for CE mode A, HARQ ACK/NACK feedback bundling on PUCCH can be enabled or disabled by [RRC and/or DCI], when multiple DL transport blocks are assigned by a single DCI (details FFS). If the network does not enable it, each TB has its own separately encoded HARQ ACK/NACK feedback. The maximum bundle size is for further study.
[bookmark: _Toc7796724]HARQ ACK/NACK feedback bundling on PUCCH can be enabled or disabled by RRC.

2.5	Interoperation with Rel-14/15 features
At RAN1#96bis companies were encouraged to provide their preference on which Rel-14/15 CE mode features that should be possible to configure and/or use in combination with scheduling of multiple TBs. An overview of the interaction of scheduling of multiple TBs with Rel-14/15 CE mode features is presented in Table 2.
[bookmark: _Ref7779679]Table 2: Rel-14/15 CE mode features that should be possible to configure and/or use in combination with scheduling of multiple TBs.
	Feature
	Possible to configure and use simultaneously
	Possible to configure simultaneously and use independently
	Comment

	Rel-14 feature for new numbers of repetitions for PUSCH and modulation restrictions for PDSCH/PUSCH in CE mode A
	Yes
	Yes
	

	Rel-14 feature for 2984 bits max UL TBS in 1.4 MHz in CE mode A
	Yes
	Yes
	

	Rel-14 feature on HARQ-ACK bundling in HD-FDD in CE mode A
	Low priority
	Low priority
	Specific timing of HARQ-ACK delay would be needed for multi-TB scheduling

	Rel-14 features for 5 or 20 MHz max PDSCH/PUSCH channel bandwidths in CE mode A/B
	Yes
	Yes
	

	Rel-14 feature for 10 downlink HARQ processes in FDD in CE mode A
	Low priority
	Low priority
	

	Rel-14 feature for dynamic HARQ-ACK delay for HD-FDD in CE mode A
	Low priority
	Low priority
	Specific timing of HARQ-ACK delay would be needed for multi-TB scheduling

	Rel-15 features for flexible starting PRB for PDSCH/PUSCH in CE mode A/B
	Yes
	Yes
	

	Rel-15 feature for PUSCH sub-PRB allocation in CE mode A/B
	Yes
	Yes
	

	Rel-15 feature for 64QAM for non-repeated unicast PDSCH in CE mode A
	Low priority
	Low priority
	

	Rel-15 feature for uplink HARQ-ACK feedback in DCI in CE mode A/B
	Yes
	Yes
	Allows for early PUSCH termination in combination with scheduling gaps




[bookmark: _Toc7796725]The following Rel-14/15 features are to be used in combination with multiple TB scheduling: Rel-14 feature for new numbers of repetitions for PUSCH and modulation restrictions for PDSCH/PUSCH in CE mode A; Rel-14 feature for 2984 bits max UL TBS in 1.4 MHz in CE mode A; Rel-14 features for 5 or 20 MHz max PDSCH/PUSCH channel bandwidths in CE mode A/B; Rel-15 features for flexible starting PRB for PDSCH/PUSCH in CE mode A/B; Rel-15 feature for PUSCH sub-PRB allocation in CE mode A/B; Rel-15 feature for uplink HARQ-ACK feedback in DCI in CE mode A

3	Multicast
It is agreed in RAN1#95 that for SC-MTCH, the maximum number of TBs scheduled is 8. Since the current SC-MTCH DCI is much smaller than the unicast DCI, it should be possible to introduce more bits in the DCI to indicate the number of scheduled SC-MTCH segments. At the same time, the increase of the DCI size should be kept to a minimum to obtain maximum coverage. Considering both DCI size increase and scheduling flexibility, it is proposed to introduce 3 bits indicating the number of SC-MTCH segments.
[bookmark: _Toc873511][bookmark: _Toc7796726]Introduce 3 additional bits in the DCI to indicate the number of scheduled SC-MTCH segments.
Furthermore, during the RAN1#95 discussion, it was discussed whether scheduling gaps should be introduced for SC-MTCH between the TBs. One motivation for this is to align the scheduling between legacy SC-MTCH and the newly introduced SC-MTCH. However, to support such feature, a significant large gap needs to be introduced, due to the broadcast nature of the SC-PTM service. It reduces the scheduling flexibility both for the legacy and new UEs. Moreover, this also increase the UE power consumption, as the UE needs to state longer to finish receiving the SC-MTCH. Monitoring the DL search space for DCI consumes more energy than letting the UE finish receiving the SC-MTCH quicker and turning off the receiver. Moreover, due to the broadcast nature of SC-PTM, it is preferred to configure the new UE to listen to the legacy channel, if the service targets both legacy and new UEs.
On the other hand, SC-MTCH with a large number of repetitions and many TBs may occupy a set of PRBs for a large number of consecutive subframes. This may put temporal restrictions on the maximum throughput that may be provided for non-BL UEs. By introducing scheduling gaps this temporal restriction may be split in smaller pieces, thus potentially providing higher throughput with lower latency for the non-BL UEs  
[bookmark: _Toc873512][bookmark: _Toc7796727]For SC-PTM when one DCI schedules multiple TBs, the effect of scheduling gap is further considered.
4	Conclusion
We have made the following observations:
Observation 1	Scheduling gaps for CE mode multi-TB transmissions provides more frequent opportunities for scheduling higher category (LTE or possibly NR) UEs with maximum throughput.
Observation 2	Scheduling gaps for CE mode multi-TB transmissions together with TB interleaving allows for early termination of PUSCH transmissions for all duplex modes including HD-FDD.
Observation 3	Adding max 3 bits in the DCI reduces the MPDCCH coverage by 0.19-0.26 dB, whereas adding 12 bits reduces the MPDCCH coverage by 0.70-0.89 dB.
Based on the discussion in the previous sections we propose the following:
Proposal 1	Scheduling gaps are supported for both DL and UL and configured separately via RRC signalling.
Proposal 2	At least for CE mode A, when the interleaving is enabled, the interleaving is performed every subframe.
Proposal 3	For DL/UL unicast, a parameter of 3 bits is introduced in the DCI to indicate the number of allocated HARQ processes. Further additions to the size of the DCI for parameters to support multiplexing initial and retransmissions (if supported) is configured via RRC signalling.
Proposal 4	For DL/UL unicast, the allocated HARQ processes for the multiple TBs for initial transmissions are fixed or semi-statically configured based on a single HARQ process number provided in the DCI.
Proposal 5	HARQ ACK/NACK feedback bundling on PUCCH can be enabled or disabled by RRC.
Proposal 6	The following Rel-14/15 features are to be used in combination with multiple TB scheduling: Rel-14 feature for new numbers of repetitions for PUSCH and modulation restrictions for PDSCH/PUSCH in CE mode A; Rel-14 feature for 2984 bits max UL TBS in 1.4 MHz in CE mode A; Rel-14 features for 5 or 20 MHz max PDSCH/PUSCH channel bandwidths in CE mode A/B; Rel-15 features for flexible starting PRB for PDSCH/PUSCH in CE mode A/B; Rel-15 feature for PUSCH sub-PRB allocation in CE mode A/B; Rel-15 feature for uplink HARQ-ACK feedback in DCI in CE mode A
Proposal 7	Introduce 3 additional bits in the DCI to indicate the number of scheduled SC-MTCH segments.
Proposal 8	For SC-PTM when one DCI schedules multiple TBs, the effect of scheduling gap is further considered.
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Appendix A: Simulation assumptions for MPDCCH coverage

	DCI sizes
	Legacy: 29-bit DCI + 16-bit CRC = 45 bits

	
	Multi-TB additions: {3, 6, 9, 12} bits = total {48, 51, 54, 57} bits

	MPDCCH configuration
	6 PRB for MPDCCH

	
	{1, 2, 4, 8, 16, 32} MPDCCH repetitions

	Channel conditions
	EPA1 fading

	System configuration
	40 W eNB

	
	10 MHz system BW

	
	2 Tx eNB 

	Device configuration
	1 Rx UE

	
	DMRS-based channel estimation



Appendix B: RAN1 agreements
In RAN1#96bis, the following agreements were made:
For further discussion
Which of the following features that should be possible to configure and/or use in combination with scheduling of multiple TBs
· Rel-14 feature for new numbers of repetitions for PUSCH and modulation restrictions for PDSCH/PUSCH in CE mode A
· Rel-14 feature for 2984 bits max UL TBS in 1.4 MHz in CE mode A
· Rel-14 feature on HARQ-ACK bundling in HD-FDD in CE mode A
· Rel-14 features for 5 or 20 MHz max PDSCH/PUSCH channel bandwidths in CE mode A/B
· Rel-14 feature for 10 downlink HARQ processes in FDD in CE mode A
· Rel-14 feature for dynamic HARQ-ACK delay for HD-FDD in CE mode A
· Rel-15 features for flexible starting PRB for PDSCH/PUSCH in CE mode A/B
· Rel-15 feature for PUSCH sub-PRB allocation in CE mode A/B
· Rel-15 feature for 64QAM for non-repeated unicast PDSCH in CE mode A
· Rel-15 feature for uplink HARQ-ACK feedback in DCI in CE mode A/B
Companies are encouraged to provide their preference on this issue.

Agreement
For unicast, the UE is configured for interleaved transmission of subframe repetitions of the respective TBs separately for DL and UL via RRC signaling.

Agreement 
For CE mode A, HARQ ACK/NACK feedback bundling on PUCCH can be enabled or disabled by [RRC and/or DCI], when multiple DL transport blocks are assigned by a single DCI (details FFS). If the network does not enable it, each TB has its own separately encoded HARQ ACK/NACK feedback
· FFS: Maximum bundle size

Agreement 
For the DL unicast for a UE, when multiple TBs are scheduled by one DCI, the parameter value for number of PDSCH repetitions is the same across all the TBs scheduled by that DCI, and there is only a single parameter field for number of MPDCCH repetitions and only a single parameter field for SRS request.

Agreement 
For scheduling of multiple TBs with SC-MTCH, the same parameter values for {MCS, resource assignment, number of repetitions} is used for all TBs

In RAN1#96, the following agreements were made:
Recommendation for future meetings:
The use of scheduling gaps for unicast/multicast is further studied.

Agreement
Support option 3 from below
For the case of single DCI scheduling multiple transport blocks with repetitions, scheduling of transport blocks repetitions is down selected between:
· Option 1: All the repetitions for one transport block are contiguously scheduled in valid UL/DL subframes
· Option 2: The repetitions for one transport block are interleaved with repetitions of all the other transport blocks
· Option 3: Option 1 and 2 are supported and eNB configures among them
Above applies for unicast only.

Agreement
[bookmark: _Hlk4158651][bookmark: _Hlk4357620]For the DL/UL unicast for a UE, when multiple TBs are scheduled by one DCI, the parameter values for {MCS, Resource assignment, Repetitions} are the same across all the TBs scheduled by that DCI.
· If specified, in the case where one DCI schedules TB for both initial and retransmission, the above applies for TBs for both initial and retransmission

In RAN1#95, the following agreements were made:
Agreement
For CEmodeA, the maximum number of scheduled transport blocks with one single DCI is 8 in the UL, 8 in the DL

Agreement
The following working assumption is confirmed
For CEmodeB, the maximum number of scheduled transport blocks with one single DCI is 4 in the UL, 4 in the DL

Agreement
For both UL and DL unicast, at least consecutive resource allocation in time is supported when multiple TBs are scheduled by one single DCI. 
-	Above applies only for valid subframes within the consecutive resource allocation in time
-	FFS: Whether time gaps between two TBs is also supported

For future meetings in Rel-16 eMTC:
Further consider which Rel-14/15 features that should be possible to configure together with scheduling of multiple DL-UL transport blocks.

Agreement
For the DL unicast for a UE, when multiple TBs are scheduled by one DCI, the following parameter values are the same across all the TBs:
-	Frequency-hopping flag, PMI confirmation (TM6-specific), Precoding information (TM6-specific), DM-RS scrambling / antenna ports (TM9-specific), Downlink assignment index (TDD-specific), PUCCH power control
-	FFS: MCS, RV, Resource assignment, Number of PDSCH repetitions

Agreement
For the UL unicast, when multiple TBs are scheduled by one DCI, the following parameter values are the same across all the TBs:
-	Frequency-hopping flag, TPC command
-	FFS: MCS, RV, Resource assignment, Repetition number, Downlink assignment index (TDD-specific)

For next meeting
For unicast when multi-TBs are scheduled, companies are encouraged to bring in DCI designs which can support
1.	scheduling of initial and retransmission TBs within one DCI
2.	scheduling of initial TBs within one DCI, and retransmissions with one DCI
[bookmark: _Hlk884881]3.	scheduling of initial TBs within one DCI, and retransmission can only be scheduled by individual DCI
RAN1 tries to make a decision on which case is specified in the next meeting based on the trade-off between DCI overhead and scheduling flexibility comparisons of the three cases.

Agreement
For the case of single DCI scheduling multiple transport blocks with repetitions, scheduling of transport blocks repetitions is down selected between:
[bookmark: _Hlk882206]Option 1: All the repetitions for one transport block are contiguously scheduled in valid UL/DL subframes
Option 2: The repetitions for one transport block are interleaved with repetitions of all the other transport blocks
Option 3: Option 1 and 2 are supported and eNB configures among them.

Agreement
The maximum number of TBs for multicast is 8.


In RAN1#94bis, the following agreements were made:
Agreement
Confirm the working assumption that
· For unicast, when multiple DL/UL transport blocks are assigned by a single DCI, each transport block corresponds to a unique HARQ process. 

Agreement
[bookmark: _Hlk528830882]For CE mode A, the maximum number of scheduled transport blocks with one single DCI is [8] for CE mode A for UL.
For CE mode A, the maximum number of scheduled transport blocks with one single DCI is [8] for CE mode A for DL.

Agreement
The maximum number of scheduled transport blocks with one single DCI for CE mode A for either UL or DL is fixed to [8]

Working Assumption
[bookmark: _Hlk528831337]For CE mode B, the maximum number of scheduled transport blocks with one single DCI is 4 in the UL, and 4 for the DL.

Agreement
The maximum number of scheduled transport blocks with one single DCI for CE mode B for either UL or DL is fixed to 4 (working assumption)

For further study until next meeting:
How to efficiently handle retransmissions when scheduling multiple DL/UL transport blocks.

Agreement
The UE should only monitor one DCI size in the UE specific search space

For further consideration:
Optimization of the DCI size and the impact of aspects including number of transport blocks, scheduling pattern (interleaving and scheduling gap), resource assignment, modulation and coding scheme, retransmissions.

Agreement
Using one DCI to schedule multiple TBs for SC-MTCH is supported, and it is configured and enabled per SC-MTCH via SC-PTM configuration message in SC-MCCH. FFS the maximum number of TBs can be scheduled by one DCI.

Agreement
[bookmark: _Hlk4358342]For CE mode A, HARQ ACK/NACK feedback bundling or multiplexing on PUCCH can be enabled or disabled by [RRC and/or DCI], when multiple DL transport blocks are assigned by a single DCI. If the network does not enable it, each TB has its own separately encoded HARQ ACK/NACK feedback, i.e., no HARQ ACK/NACK feedback bundling or multiplexing. 
· RAN1 further compare the performance between HARQ ACK/NACK feedback bundling and multiplexing and down-select between the two options. 
For CE mode B, further study if there is a benefit for HARQ ACK/NACK feedback bundling or multiplexing on PUCCH. If there is a benefit identified, same configuration principle as CE mode A can be applied, i.e., this feature can be enabled or disabled by [RRC and/or DCI]. 

In RAN1 #94 the following agreement was made with respect to Scheduling of multiple DL/UL transport blocks:
Agreement
Specify scheduling of multiple transport blocks for both CE Mode A and B
Agreement
The possibility of scheduling multiple DL/UL transport blocks is configured via RRC. Details TBD
Agreement
When scheduling of multiple TBs is enabled, the number of scheduled transport blocks (>= 1) should be dynamically selected via DCI. The maximum number of scheduled transport blocks with one single DCI is [TBD].
The number of blind decodes for MPDCCH is not increased as a result of scheduling multiple TBs
Conclusion
When multiple TBs are scheduled by one DCI, study interleaving amongst TBs from different HARQ process in cases of repetitions
· Companies are encouraged to submit evaluation results in the next RAN1 meeting

Agreement
One DCI to schedule multiple TBs for SC-MCCH is not supported
Working assumption
For unicast, when multiple DL/UL transport blocks are assigned by a single DCI, each transport block corresponds to a unique HARQ process. 
image1.emf
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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