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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: Multi-TB Grant DCI design and scheduling of repetitions design
2. Multi-TB Grant (MTGB) DCI Design

Issue: One of the motivations to support MTBG is to reduce PDCCH resources, but there is a potential problem if the size of the MTBG grows too large. If the size of multi-TB grant (MTBG) grows, the single TB grant (STBG) will have to be padded and grows as well to avoid any UE blind decoding.  If the MTBG is not used all the time, this may in fact increase PDCCH resource usage – the opposite of the motivation of the feature. 
· What is the target size for the MTBG? 
· When does it become less efficient than single grants? 
These are open design questions.
Discussion:

For example, assuming legacy single TB grant (STBG) size is 35bits, MTBG adds 24 bits, MTBG are used 50% of the time, and 4 TBs are scheduled with a MTBG, then the average number of bits per TB is calculated as:

Normal scheduling:   
35 bits per TB

MTBG Scheduling:  
(35+24)*0.50 + (35+24)/4*0.50= 37 bits per TB

Meaning that MTBG feature uses MORE PDCCH resources than legacy STBG.

The following figure expands on this by showing the minimum amount of time a MTBG must be used vs the increase in MTBG size for there to be NO increase in PDCCH resource usage:
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Figure 9:  Minimum MTBG usage for a given increase in DCI Size
As seen from the above figure, a large increase in MTBG size must be justified by higher MTBG usage otherwise it become less efficient than legacy STBG. Given MTBG will likely only be used for larger application data where the control plane messages will still use STBG. Switching between legacy STBG and the MTBG feature will require RRC re-configurations which is not efficient. Given the RRC overhead for switching, a MTBG usage design target should be ~25%. With 25% MTBG usage as the design target, from the above graph, the MTBG should NOT increase by more than ~8 bits if on average 4 TBs are scheduled per MTBG. 

Observation 1: To ensure the MTBG feature saves PDCCH resources, the size of the MTBG DCI should not grow by more than a ~8 bits.

2.1. Retransmissions

One of the main decisions that needs to be made is how retransmissions will be handled. This was captured in the chairman notes for guidance on the topic two RAN1 meetings ago:

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

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.
This section discusses the three options.

Option 1: Scheduling of initial and retransmission TBs within one DCI

At the last RAN1 meeting, the following agreement has been made:

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

The above agreement has a profound effect on option 1 as it greatly reduces the number of DCI bits needed to support this option but it also limits when it can be used. It can only be used when the TBS of the initial transmission are the same as the TBS of retransmissions.  
Observation 2: Scheduling of both initial and retransmission TBs within one DCI can only occur if the TB size is the same for all TBs
Given the above agreement, the following fields need to be duplicated for each HARQ (i.e. X 8 for CE mode A and X 4 for CE mode B).

· RV – 2 bits

· New Data Indication – 1 bit

Thus this option, will require an extra 3*7=21 bits + an MTBG/STBG indication. This above the goal to add ~8 bits compared to single grant DCI. 
Option 2: Scheduling of initial TBs within one DCI, and retransmissions with one DCI

For this option, the RV can be the same for all TB which will saves 14 bits compared to option 1 but the downside of this approach is that more DCIs will be needed when there is a block error.  As shown in section 2.7 and 2.8, a DCI design which adds only 8 bits is possible (7 NDI + 1 MTBG/STBG indication bit). 

The amount of PDCCH resources used depends on how often MTBG are used versus single grants and the iBLER.  For example, assuming MTBG are used 50% of the time, 8 TB are scheduled, iBLER is 10%, a legacy single TB grant (STBG) size is 35bits, Option 1 MTBG adds 24 bits, and Option 2 MTBG adds 8 bits, then the average number of bits per TB is calculated as:

Normal scheduling:   
35 bits per TB

MTBG Option1:  

(35+21)*0.50 + (35+21)/8*0.50= 31.5 bits per TB 
MTBG Option2:  

(35+8)*0.50+1.8*(35+8)/8*0.50=  26.3 bits per TB

As seen from above, Option 2 MTBG uses fewer PDCCH resources than Option 1. 

Option 3: Scheduling of initial TBs within one DCI, and retransmission can only be scheduled by individual DCI

With iBLER of around 10%, it will be rare that more than 1 TB needs to be rescheduled so option 2 and option 3 will perform similarly. However, previous studies showed that the optimal transmission power is achieved with very high iBLER rates of ~50% where option 2 will perform better when more than 1 retransmission maybe needed. 
Based on the above discussion, the following observations can be made:

Observation 3: Scheduling of both initial and retransmission TBs within one DCI will require an additional 14 RV bits in the DCI.

Observation 4: Scheduling of either initial and retransmission TBs within one DCI uses less PDCCH resources than option 1.

Given the above discussion, the following proposal is made:

Proposal 1:   Choose Option 2: Scheduling of initial TBs within one DCI, and retransmissions with one DCI is specified.
If the above option is chosen, then the RV field can be common:

Proposal 2:   When multiple TBs are scheduled by one DCI, the Redundancy Version field is the same across all the TBs scheduled by that DCI.

2.2. Common DCI fields

The following agreements WRT to which DCI fields are common for all TB have been made:
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
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 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

There are however still some remaining fields that could be common across TBs such as: 

· SRS request
· HARQ-ACK resource offset
· DCI subframe repetition number 
· Note: it is unclear in the above agreement if “Repetitions” includes both PUSCH and PDCCH repetitions – the assumption was it was for PUSCH repetitions only
It seems clear that the SRS request and DCI SF repetition number (already a NB-IOT agreement) fields should be common:
Proposal 3:   When multiple TBs are scheduled by one DCI, the following DCI fields can be common across TBs:

· SRS request
· DCI subframe repetition number
The case for HARQ-ACK resource offset field is more complex and need further study.
2.3. STBG/MTBG Flag:

There are several STBG fields that may be reused or re-interpreted for MTBG (e.g. 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 4:   Add a new flag to the DCI to differentiate between a single TB grant and multi-TB grant. 

2.4. HARQ Process Numbers and number of TB
Issue: How to signal the HARQ process numbers and the number of TBs? Up to 8 TBs can be schedule by one DCI in CE Mode A, and up to 4 TBs in CE Mod B.
Option 1: Sequential HARQ IDs 
For this option, a start HARQ ID and number of TB fields are needed to be signaled:

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
If the RV is common for all TB (i.e. either initial or retransmission can be scheduled- but not both), then when there are block errors, there is no way to guarantee sequential HARQ IDs and this would create large scheduling inefficiencies. For example, if 8 TB are scheduled, and HARQ ID’s 2 and 6 have a block error, then FIVE DCIs will be needed next time:
1. HARQ ID 0-1 with new data

2. HARQ ID 2 Retry
3. HARQ ID 3-5 with new data

4.  HARQ ID 6 Retry

5. HARQ ID 7 with new data

If the RV is not duplicated for each TB (i.e. both initial and retransmission can be scheduled), then the DCI size will be VERY large! 

CE Mode A - Start HARQ ID- 3 bits, # of TB is 3 bits, extra RV 7*2=14 = 20 bits extra
CE Mode B - Start HARQ ID- 2 bits, # of TB is 2 bits, extra RV 3*2=6 = 10 bits extra
The result in either case will be large PDCCH usage (the opposite of the features goal) by either increasing DCI size or requiring many DCI messages.
Observation 5: Using sequential HARQ IDs will either require many DCI messages or greatly increase the DCI size 
Option 2:  HARQ ID Bit Mask 
A mask indicating which HARQ IDs are being scheduled can be used where a “1” indicates that HARQ ID is being scheduled: 
CE Mode A - HARQ ID Mask – 8 bits
CE Mode B - HARQ ID Mask – 4 bits
This method has no scheduling restriction and for CE Mode B is the same size as option 1 and only 2 bits larger for option 2.  Using the same example as above, if 8 TB are scheduled, and HARQ ID’s 2 and 6 have a block error, then only TWO DCIs will be needed next time:

1. HARQ ID 0-1,3-5,7 with new data

2. HARQ ID 2,6 Retry 

Proposal 5:   The HARQ process ID and number of TBs is indicated by a “1” in an HARQ ID bit mask 
· For CE mode A, the bit mask is 8 bits 
· For Ce Mode B, the bit mask is 4 bits 

2.5. 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 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 6:   Limit the MCS option to 4 (2 bits) 
· MCS options are configured by RRC.  FFS: MCS choices 

2.6. 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 allocation (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 PRB 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 7:   For Full PRB allocations, limiting the Resource field to 4 options (2 bits) 
2.7. Example Mode A UL DCI Design – adds 8 bit

The following MTBG DCI design uses all the above proposals and would result in a MTBG which is 8 bit 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, 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
	7
	EXTRA

	Total Bits
	22
	


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
	2
	Same RV for all 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
	22
	


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 6: A MTBG DCI design for CE mode A which adds only 8 bits is feasible without a material loss in scheduling flexibility

2.8.  Example Mode B UL DCI Design - adds 4 bit
The following MTBG DCI design for Mode B uses all the above proposals and would result in a MTBG which is only 4 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
	3
	EXTRA

	Total Bits
	11
	


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
	2
	Same RV for all 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
	14
	


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 7: A MTBG DCI design for CE mode B which adds only 4 bits is feasible without a material loss in scheduling flexibility
3. Scheduling of Repetitions Design 
At the last RAN1 meeting, 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: How does the eNB configure the UE for contiguous vs interleaved repetitions?
Discussion:   This signalling could be done either via DCI or via higher layer signalling. Since it is critical to keep the DCI size as small as possible for this feature, this configuration should be done via higher layer signalling. 

Proposal 8:   For the case of single DCI scheduling multiple transport blocks with repetitions, the UE is configured for either contiguous or interleaved scheduling of repetitions via higher layer signalling.
Issue #2: When interleaving is used, 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 strait 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 9:   For the case of single DCI scheduling multiple transport blocks with repetitions, and for CE mode A, and for full PRB transmissions and when interleaving is used to schedule repetitions, the TB changes ever TTI. 

· FFS: sub-PRB transmissions
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:
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	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 ever 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 change 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. There are several options to study so the following proposal is made: 

Proposal 10:   In CE Mode B when interleaving is used to schedule Full PRB repetitions with a MTBG, study the following options: TB changes ever X mod(SF,4)=0 where X:

· Alt1: is configure by the eNB via higher layer signalling 

· Alt2:  is the number of frequency hopping narrow band

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

4. Conclusions
Observation 8: To ensure the MTBG feature saves PDCCH resources, the size of the MTBG DCI should not grow by more than a ~8 bits.
Observation 9: Scheduling of both initial and retransmission TBs within one DCI can only occur if the TB size is the same for all TBs
Observation 10: Scheduling of both initial and retransmission TBs within one DCI will require an additional 14 RV bits in the DCI.

Observation 11: Scheduling of either initial and retransmission TBs within one DCI uses less PDCCH resources than option 1.

Proposal 11:   Choose Option 2: Scheduling of initial TBs within one DCI, and retransmissions with one DCI is specified.

Proposal 12:   When multiple TBs are scheduled by one DCI, the Redundancy Version field is the same across all the TBs scheduled by that DCI.

Proposal 13:   When multiple TBs are scheduled by one DCI, the following DCI fields can be common across TBs:

· SRS request
· DCI subframe repetition number
Proposal 14:   Add a new flag to the DCI to differentiate between a single TB grant and multi-TB grant. 

Observation 12: Using sequential HARQ IDs will either require many DCI messages or greatly increase the DCI size 

Proposal 15:   The HARQ process ID and number of TBs is indicated by a “1” in an HARQ ID bit mask 
· For CE mode A, the bit mask is 8 bits 
· For Ce Mode B, the bit mask is 4 bits 
Proposal 16:   Limit the MCS option to 4 (2 bits) 

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

Proposal 17:   For Full PRB allocations, limiting the Resource field to 4 options (2 bits) 
Observation 13: A MTBG DCI design for CE mode A which adds only 8 bits is feasible without a material loss in scheduling flexibility

Observation 14: A MTBG DCI design for CE mode B which adds only 4 bits is feasible without a material loss in scheduling flexibility
Proposal 18:   For the case of single DCI scheduling multiple transport blocks with repetitions, the UE is configured for either contiguous or interleaved scheduling of repetitions via higher layer signalling.

Proposal 19:   For the case of single DCI scheduling multiple transport blocks with repetitions, and for CE mode A, and for full PRB transmissions and when interleaving is used to schedule repetitions, the TB changes ever TTI. 

· FFS: sub-PRB transmissions

Proposal 20:   In CE Mode B when interleaving is used to schedule Full PRB repetitions with a MTBG, study the following options: TB changes ever X mod(SF,4)=0 where X:

· Alt1: is configure by the eNB via higher layer signalling 

· Alt2:  is the number of frequency hopping narrow band
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