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1. Introduction
Rel-16 MTC WID [1] has an objective to enhance the scheduling operation:  
· Specify scheduling multiple DL/UL transport blocks with or without DCI for SC-PTM and unicast [RAN1, RAN2]

· Enhancement of SPS can be discussed.

This contribution studied multi transport blocks (TBs) scheduling for unicast.  Specifically, these topics were studied: 
· GAP Configuration
· Scheduling of Repetitions

· MTBG DCI Design Optimizations

· Example DCI Designs
2. GAP Configuration 
Issue:  The following WA was made at RAN1 #97:

For unicast, scheduling gaps for multiple transport blocks is supported and a scheduling gap can be configured by [RRC and/or DCI]

· The support of scheduling gaps is UE optional feature regardless of the support of multiple TBs

· FFS: Details on the scheduling gap such as duration, applicability, etc

How the scheduling gap is configured is an open issue.

Discussion:  Care must be taken to ensure the DCI size doesn’t grow too large to support this option. Gaps are not used then no additional DCI bits should be used thus the following proposals are made:

Proposal 1:   Scheduling multiple TB with gaps is enabled and disabled by RRC signalling.

Proposal 2:   When multiple TBs are scheduled by one DCI, a Gap Configuration Field is present in the DCI only when scheduling multiple TB with gaps is enabled by RRC signalling

The Gap Configuration field size should not be too large, but more gap configurations will improve scheduling flexibility. To support many GAP configurations without increasing DCI size, RRC signalling can be used to define [4] DCI gap configurations from a larger set of [16] of gap configurations. 

Proposal 3:   The DCI Gap Configuration Field indicates one of four possible Gap Configurations where RRC signaling defines the corresponding four possible gap configurations.
· FFS: the set of gap configurations
3. Scheduling of Repetitions Design 

At the RAN1 meeting #96, it was agreed that repetitions be schedule both contiguously and interleaved:

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.

Issue #1: When interleaving is enabled, how often should the TB be changed is an open issue.  The following figure show an example of 4 TB with 8 repeats with switching TB every SF and switching every 4 SF. 
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Figure 1. Interleaving every SF and every 4th SF

Since the analysis highly depends on if RV cyclic repetition is supported, the discussion for CE mode A and CE mode B is taken separately. 

CE Mode A Discussion: 

For CE mode A, the discussion is straight forward because RV cyclic repetition is not supported.  As seen from figure 1 above, switching the TB every SF has two advantages: more time diversity and more RVs are sent which improves the code rate. 

Proposal 4:   For full PRB transmissions in CE Mode A, when multiple TBs with repetitions and interleaving are scheduled by one DCI, the TB changes every TTI. 

CE Mode B Discussion:

For CE mode B, the discussion is more difficult because RV cyclic repetition is supported. With RV cyclic repetition, the RV is changed every 4th (Nacc=4) absolute subframes when mod(SF,4)=0. Frequency hopping also occurs when the RV changes. This creates partial RV patterns when the TB doesn’t start on a SF where mod(SF,4)=0. For example, even without interleaving, the following complex RV pattern would result for 16 repeats with 2 TBs:
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	Figure 2.  Non-Interleaving with Cyclic Repetition and Frequency Hopping


Note: only one copy of RV0 is sent before it switched to RV2 in SF8 then the remain three RV0 are sent in SF20-22. 

To support frequency hopping and cyclic repetition with interleaving, the TB should only be changed when the RV changes.  For example, the figure below shows an example where the TB is changed when RV changes (i.e. when mod(SF,4) =0):
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	Figure 3. TB changes every mod(SF,4) = 0 


The above supports RV cyclic repetition but degrades frequency hopping because the TBs are always transmitted on the same frequency. To fix this, the TB could be changed every 2nd RV change, as shown below:

	[image: image4.png]SF# 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

mpoccH [l
RV| o 3[3[3]s ofoo Freq1
RV ABAE ARAR Freq2






	Figure 4. TB changes every 2nd mod(SF,4) = 0


However, changing TB every 2nd mod(SF,4) = 0 provides a bit less time diversity than changing every mod(SF,4) = 0 so having the TB change at every 2nd mod(SF,4) = 0 would reduce the performance when frequency hopping is NOT enabled. Note: PDSCH can support frequency hopping up to 4 narrowbands where PUSCH only supports up to 2 narrowbands. When FH is across 4 NB, to optimize frequency diversity, the TB should only be changed every 4th mod(SF,4) = 0 but this would limit time diversity.  One solution is to leave it up to eNB implementation whether frequency or time diversity be prioritized so the TB switching could be configurable. 

Proposal 5:   For full PRB transmissions in CE Mode B, when multiple TBs with repetitions and interleaving are scheduled by one DCI, the TB changes when mod(SF,4*X)=0 where X can be 1,2, or 4 and is configured by RRC signalling. 

Note: RV cyclic repetition is not supported with sub-PRB transmissions. 

4. Multi-TB Grant (MTBG) DCI Design Optimizations
From RAN1 #97 the following working assumption was made:

· For unicast, scheduling of initial and retransmission TB(s) within one DCI is supported.

· Till the RAN1#98 meeting, consider potential simplifications that can help achieve a tradeoff between scheduling flexibility and DCI size. For example:

· Configurable maximum number of TBs per grant 

· Maximum size of DCI 

· Joint coding of DCI fields

· Reduced TBS choices

· Reduced resource allocation choices

· Reduced/eliminated RV field

This section looks at many of the above DCI optimization techniques.

4.1. STBG/MTBG Flag:

There are several STBG fields that may be reused or re-interpreted for MTBG (e.g. RV, resource, MCS, and legacy HARQ ID). To allow these bits to be re-interpreted for a MTBG, a flag indicating if the grant is a STBG or MTBG should be added. 

Proposal 6:   Add a new flag to the DCI to differentiate between a single TB grant and multi-TB grant. 

4.2. Reduced/eliminated RV field 
Using a unique RV field for each HARQ process would provide the most scheduling flexibility but then the RV field would need to be duplicated for each HARQ process resulting in need 8*2= 16 bits which is very high thus some RV reduction is needed. 

Option 1: One RV field => Initial transmission RV=0 and Retransmission= RV Field
Only one RV field is needed if the RV for initial transmissions is hardcoded to always “0” and all the retransmission use the same RV.  With this optimization it will not be possible to schedule retransmissions with different RVs but different RV are only required when more than one retransmission is necessary which should be rare.
Option 2: One RV field => Initial transmission RV=0 and Retransmission= 2
No RV field is needed if the RV for initial transmissions is hardcoded to always “0” and RV for retransmission is hardcoded to always be “2” use the same RV.  With this optimization it will not be possible to schedule multiple retransmissions with RV’s other than “2’ but this only occurs when more than one retransmission is necessary which should be rare.

Give the above discussion – option 2 is proposed

Proposal 7:   When multiple TBs are scheduled by one DCI, the RV for Initial TBs is fixed at 0 and the RV for retransmission TBs is fixed at 2
4.3. HARQ Process ID, Number of TB, and NDI
Issue: How to signal the HARQ process ID and the number of TBs is open. 
Discussion:  Three options are discussed:

· Option 1: Sequential HARQ IDs for new and retry data
· Option 2: Joint Coding HARQ Process ID, Number of TBs, and NDI 

· Option 3: HARQ ID Bit Mask 

Option 1: Sequential HARQ IDs and NDI Bit Mask
For this option, a start HARQ ID and number of TB fields are needed to be signaled for both new and retry data
CE Mode A - Start HARQ ID- 3 bits, # of TB is 3 bits = 6 bits extra
CE Mode B - Start HARQ ID- 2 bits, # of TB is 2 bits = 4 bits extra
Since the above is needed for both initial and retransmissions, the amount of bits needed doubles from above plus 8 bits for the NDI field:

CE Mode A = 20 bits 
CE Mode B = 16 bits 
But even with two areas defined for initial and retransmission, there will be serious scheduling issue when block error occur. For example, if 8 TB are scheduled, and HARQ IDs 2 and 6 have a block error, then only 3 TB can be schedule next time:
1. HARQ ID 0-1 with new data

2. HARQ ID 2 Retry
Option 2: Joint Coding HARQ Process ID, Number of TBs, and NDI 

Joint coding of HARQ Process ID, Number of TB, and NDI using lookup tables is an option. For CE mode A, the index table size would be 6560 entries and for CE mode B the index table size would be 80 entries.  
CE Mode A  = 13 bits 
CE Mode B =  7 bits 
Option 3:  HARQ ID Bit Mask and NDI Bit Mask
A mask indicating which HARQ IDs are being scheduled can be used where a “1” indicates that HARQ ID is being scheduled and NDI field:
CE Mode A – 16 bits
CE Mode B -  8 bits
Given the above the following observations can be made:

Observation 1: Supporting only sequential HARQ IDs will reduce schedule flexibility or greatly increase the DCI size 

Observation 2: For CE Mode A, joint coding HARQ Process ID, Number of TB, and NDI will result in very large index table size of 6560 entries and will provide 3 bits savings
Observation 3: For CE Mode B, joint coding HARQ Process ID, Number of TB, and NDI will result in an index table size of 80 entries and will only provide 1 bit of savings

Given the above discussion, the following proposal is made:

Proposal 8:   When multiple TBs are scheduled by one DCI, the HARQ process ID and number of TBs is indicated by a “1” in a HARQ ID bit mask 

· For CE mode A, the HARQ ID bit mask is 8 bits 

· For CE Mode B, the HARQ ID bit mask is 4 bits 
· For each HARQ ID, there is an associated NDI flag. 

4.4. Limit MCS choices: 

The MCS field for LTE-M in CE mode A is 4 bits or 16 choices to provide a wide range of TB sizes. The eNB should only use a MTBG if there is a sufficiently large number of required bits to transmit or receive, so the MTBG will only be used with large TB sizes.  The MCS options could then be limited to a few of the larger TBS or even limited to just one value where this value(s) would be RRC configured or specified in the standard.

Proposal 9:   Limit the MCS options to 4 (2 bits) 
· MCS options are configured by RRC.  
· FFS: MCS choices 

4.5. Limit Resource choices:

The narrowband choices should not be limited to allow for support of frequency selective scheduling but since the TBS will be larger for this feature, some of the smaller allocations (e.g. 1 PRB) could be eliminated to save DCI bits because these small PRB allocations do not provide an optimal code rate of 1/3. For example, the # of PRBs could be set at 6 PRBs when no repeats are used, this would provide the best code rate. When repeats are used, three non-overlapping locations of 2 PRBs could be defined, as shown in the table below:
	# of repeats 
	# of PRBs

	<4
	6

	>=4
	Three locations of 2 PRBs


The above example would save 4 bits for CE mode A.
Proposal 10:   For Full PRB allocations, limiting the resource field to 4 options (2 bits) 
· FFS: the 4 options

4.6. Example Mode A UL DCI Design – adds 6 bits
The following MTBG DCI design uses all the above proposals and would result in a MTBG which is only 6 bits larger than the STBG.
Add an “MTBG indicator” field – adds 1 bit

When “MTBG indicator” field=0 this means, the grant is for a Single TB, with the following fields:

	Field Name
	Bits
	Description

	PRB Assignment
	5
	Legacy

	MCS index
	4 
	Legacy

	RV
	2
	Legacy

	HARQ process #
	3
	Legacy

	New data indicator
	1
	Legacy

	Pad Bits
	5
	EXTRA

	Total Bits
	20
	


When “MTBG indicator” field=1 this means, the grant is for a multiple TB, with the following fields:

	Field Name
	Bits
	Description

	PRB Assignment
	2
	6 PRBs is used unless ≥4 repeats where this field then defines 3 non-overlapping 2 PRB allocations

	MCS Index
	2
	QAM or QPSK plus 2 TBS sizes configured by RRC

	RV
	0
	RV=0 for initial TBs, and RV=2 for retransmission TBs

	HARQ Process Mask
	8
	HARQ ID Mask – “1” indicates TB is being scheduled for the HARQ ID

	New data indicator
	8
	Different NDI for all TB

	Total Bits
	20
	


Note: the remaining DCI fields are unchanged for legacy:

· Flag for UL/DL grant differentiation

· Narrowband index of resource block assignment

· Repetition number  

· FH Hopping flag

· TPC command for scheduled PUSCH 

· CSI request

· SRS request

· DCI subframe repetition number

· Modulation order override
Observation 4: A MTBG DCI design for CE mode A which adds only 6 bits is feasible without a material loss in scheduling flexibility

4.7.  Example Mode B UL DCI Design - adds 2 bits
The following MTBG DCI design for Mode B uses all the above proposals and would result in a MTBG which is only 2 bits larger than the STBG.

Add “MTBG indicator” field – adds 1 bit

When “MTBG indicator” field=0 this means, the grant is for a Single TB grant, with the following legacy fields:

	Field Name
	Bits
	Description

	PRB Assignment
	3
	Legacy

	MCS index
	4 
	Legacy

	RV
	2
	Legacy

	HARQ process #
	1
	Legacy

	New Data Indicator
	1
	Legacy

	Pad Bits
	1
	EXTRA

	Total Bits
	12
	


When “MTBG indicator” field=1 this means, the grant is for a multiple TB grant, with the following fields:

	Field Name
	Bits
	Description

	PRB Assignment
	2
	Defines 3 non-overlapping 2 PRB allocations

	MCS Index
	2
	4 TBS configured by RRC

	RV
	0
	RV=0 for initial TBs, and RV=2 for retransmission TBs

	HARQ Process Mask
	4
	HARQ ID Mask – “1” indicates TB is being scheduled for the HARQ ID

	New data indicator
	4
	Different NDI for all TB

	Total Bits
	12
	


Note: the remaining DCI fields are unchanged for legacy:

· Flag for UL/DL grant differentiation

· Narrowband index of resource block assignment

· Repetition number  

· DCI subframe repetition number
Observation 5: A MTBG DCI design for CE mode B which adds only 2 bits is feasible without a material loss in scheduling flexibility
5. Conclusions
Proposal 11:   Scheduling multiple TB with gaps is enabled and disabled by RRC signalling.

Proposal 12:   When multiple TBs are scheduled by one DCI, a Gap Configuration Field is present in the DCI only when scheduling multiple TB with gaps is enabled by RRC signalling

Proposal 13:   The DCI Gap Configuration Field indicates one of four possible Gap Configurations where RRC signaling defines the corresponding four possible gap configurations.

· FFS: the set of gap configurations
Proposal 14:   For full PRB transmissions in CE Mode A, when multiple TBs with repetitions and interleaving are scheduled by one DCI, the TB changes every TTI. 

Proposal 15:   For full PRB transmissions in CE Mode B, when multiple TBs with repetitions and interleaving are scheduled by one DCI, the TB changes when mod(SF,4*X)=0 where X can be 1,2, or 4 and is configured by RRC signalling .
Proposal 16:   Add a new flag to the DCI to differentiate between a single TB grant and multi-TB grant. 

Proposal 17:   When multiple TBs are scheduled by one DCI, the RV for Initial TBs is fixed at 0 and the RV for retransmission TBs is fixed at 2
Observation 6: Supporting only sequential HARQ IDs will reduce schedule flexibility or greatly increase the DCI size 
Observation 7: For CE Mode A, joint coding HARQ Process ID, Number of TB, and NDI will result in very large index table size of 6560 entries and will provide 3 bits savings

Observation 8: For CE Mode B, joint coding HARQ Process ID, Number of TB, and NDI will result in an index table size of 80 entries and will only provide 1 bit of savings

Proposal 18:   When multiple TBs are scheduled by one DCI, the HARQ process ID and number of TBs is indicated by a “1” in a HARQ ID bit mask 

· For CE mode A, the HARQ ID bit mask is 8 bits 

· For CE Mode B, the HARQ ID bit mask is 4 bits 
· For each HARQ ID, there is an associated NDI flag. 

Proposal 19:   Limit the MCS options to 4 (2 bits) 

· MCS options are configured by RRC.  
· FFS: MCS choices 

Proposal 20:   For Full PRB allocations, limiting the resource field to 4 options (2 bits) 
· FFS: the 4 options

Observation 9: A MTBG DCI design for CE mode A which adds only 6 bits is feasible without a material loss in scheduling flexibility

Observation 10: A MTBG DCI design for CE mode B which adds only 2 bits is feasible without a material loss in scheduling flexibility
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