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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 the following multi transport block grants (MTBG) topics:
· Number of TBs to schedule

· Indication of # of TBs, HARQ ID and NDI

· HARQ IDs for re-scheduling

· Limit MCS choices

· Limit Resource choices

· Example UL grant designs

· Joint coding 

· GAP Configuration

· Scheduling of Repetitions

· Gap for early termination
2. Number of TBs to Schedule
A major decision that needs to be made is the maximum number of TBs to schedule. The following agreement was made last meeting:

· For unicast, select option(s) from the following options

· Option 1: Scheduling of up to 8 TBs is supported with a single DCI design.

· Target for up to 6 bits overhead increase compared to legacy DCI

· Option 2: For unicast, the maximum number of scheduled TBs with one single DCI for CE mode A for either UL or DL is RRC configured within the set {1, 2, [4], 8} in a UE specific manner. 

· The design methodology for the DCI for different maximum number of TBs is further studied 

· For the 2 TB case, target for up to 3 bits overhead increase compared to legacy DCI

· Note: Option 2 will require modification on existing agreement

There are grant designs propose by companies which only add 5 bits by either restricting scheduling to the number of TBs possible to schedule (e.g. 1 2 4 6 8) or restricting scheduling to consecutive HARQ IDs. The legacy grant size for Format 6-1A including CRC is approximate 43 bits so +5 bit is only a 0.3 dB degradation in performance thus option 1 is the simplest as no RRC configuration is needed.

Observation 1: There are grant designs that can support scheduling 8 TBs by adding 5 bits which results in a 0.3 dB loss in decoding performance.

Based on the above information the following proposal is made:

Proposal 1:   Support Option 1

Scheduling of up to 8 TBs is supported with a single DCI design.
3. CE Mode A DCI design

3.1. Details of option 3/5

The following agreements were made last meeting:

For DCI contents for scheduling multiple DL/UL transport blocks for CE mode A, down select one from following options in R1-1911381 for HARQ ID, NDI and number of scheduled HARQ processes.
· Option 1
· Option 3/5
This section includes more details of option 3/5.

The following bit mapping is used based on the number of HARQs:

Proposal 2:   Option 3 Definition
	Bits
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	
	 

	1 HARQ
	0
	0
	0
	0
	0
	HARQ ID
	NDI
	F/QAM
	RV

	
	 

	2 HARQS
	0
	0
	HARQ2 Index +16
	N1
	N2
	RV1
	RV2/FH

	
	 

	4 HARQS
	0
	HARQ4 index + 36
	N1
	N2
	N3
	N4

	
	 

	6 HARQS
	HARQ6 Index +27
	N1
	N2
	N3
	N4
	N5
	N6

	
	 

	8 HARQS
	1
	1
	1
	N1
	N2
	N3
	N4
	N5
	N6
	N7
	N8
	RV/FH


HARQ2 Index = nChoosek(8- H1,2)-H2+H1
HARQ4 Index =  nChoosek (7- H1,4)+nChoosek (7- H2,3)+nChoosek(8- H3,2)- H4+H3

HARQ6 Index = nChoosek(8- H1,2)-H2+H1     H1 and H2 are the HARQ ID’s not scheduled.

Where Hi is the HARQ ID in the set {0-7}

For example: if 4 TBs with HARQ IDs {0, 2 ,3, 7} need to scheduled, the Index is calculated as: 

Index = nChoosek(7- (0),4)+nChoosek(7- (2),3)+nChoosek(8- (3),2)- (7)+(3)+37 = 51+37=88
For decoding: Like with solution 1, the first step will be to determine how many HARQs were sent by looking at what range the field falls within, like this:

 Let R be bits 1-8 in above table then
If         R  <=00000111’b then 1 HARQ scheduled
Else If R  <=00100100’b then 2 HARQs scheduled
Else If R  <=01101011’b then 4 HARQs scheduled
Else If R  <=11011000’b then 6 HARQs scheduled
Else 8 HARQs scheduled
Known the number HARQs that are scheduled, the UE knows which fields are assigned to which bits. For determining the HARQ IDs, there are many simple ways the UE can calculate this:

· Using piecewise linear equations 

· 100byte lookup table (each entry containing a bitmask of HARQ ID sent)

· Checking if index falls within certain ranges
Observation 2: The encoding and decoding for option 3/5 is very simple and doesn’t require a table.

3.2. Comparison between Option 1 and 3/5

The following agreements were made last meeting:

For DCI contents for scheduling multiple DL/UL transport blocks for CE mode A, down select one from following options in R1-1911381 for HARQ ID, NDI and number of scheduled HARQ processes.
· Option 1
· Option 3/5
The following table looks at performance criterions for option 1 and option 3/5:

	Performance Criteria
	Option 1
	Option 3/5
	Comparison

	Number of bits added
	5 bits
	5 bits
	Same

	RV for 1 HARQ
	Legacy 
	Legacy
	Same

	RV for 2 HARQ
	4 states
	4 states
	Same

	RV for >2 HARQ
	Fixed in Spec
	Fixed in Spec
	Same

	Specification complexity
	Easy
	Easy – equations can be used no table necessary
	Same

	Scheduling Restriction
	Only consecutive HARQ ID or 
Same NDI or
<= 2 HARQs 
	Cannot schedule 3, 5, and 7 HARQs.
	Similar

	Scheduler Complexity
	Difficult** See below.
	Easy
	Option 3/5 better


*** Option 1 scheduler complexity – the decision whether all the TBs will fit into 1 grant is not trivial for the scheduler and sometimes even the re-tries can’t be schedule in 1 grant.  For example, first the schedule may try to schedule with consecutive grants so it sees if it can feel the hole between the retries, if not it would check to see if the NDI are the same, if not, it should check if the number of TB is >2, and if yes, it needs to decide what TBs not to send and which ones to send. 
Observation 3: To indicate HARQ ID, NDI and number of scheduled HARQ comparing option 1 vs option 3/5: the two options have similar performance and scheduling restrictions expect option 1 has a more complex scheduler implementation.

Proposal 3:   Choose option 3/5 to indicate HARQ ID, NDI and number of scheduled HARQ processes.

3.3. Full scheduling Flexibility

With adding 1 bit from option 3, full scheduling flexibility can be done:
Proposal 4:   Details of full scheduling DCI design
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Bits
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13

	1 HARQ
	0
	0
	0
	0
	0
	0
	HARQ ID
	N1
	RV
	FH

	2 HARQS
	0
	0
	0
	HARQ2+4
	N2
	N1
	RV2
	FH/RV1

	3 HARQS
	0
	0
	1
	HARQ3
	N1
	N2
	N3
	FH/RV

	4 HARQS
	0
	0
	HARQ4 + 56
	N1
	N2
	N3
	N4

	5 HARQS
	0
	HARQ5 + 31
	N1
	N2
	N3
	N4
	N5

	6 HARQS
	HARQ6 + 60
	N1
	N2
	N3
	N4
	N5
	N6

	7 HARQS
	HARQ7 + 44
	N1
	N2
	N3
	N4
	N5
	N6
	N7

	8 HARQS
	1
	1
	1
	1
	N1
	N2
	N3
	N4
	N5
	N6
	N7
	N8
	FH/RV


HARQ2 Index = nChoosek(8- H1,2)-H2+H1
HARQ3 Index =  nChoosek(7- H1,4)+nChoosek (8- H2,3)- H3+H2
HARQ4 Index =  nChoosek(7- H1,4)+nChoosek (7- H2,3)+nChoosek(8- H3,2)- H4+H3
HARQ5 Index =  nChoosek(7- H1,4)+nChoosek (8- H2,3)- H3+H2  where H1,H2,H3 are HARQ ID’s not scheduled
HARQ6 Index = nChoosek(8- H1,2)-H2+H1    

where H1 and H2 are the HARQ ID’s not scheduled.
HARQ7 Index = H1 



where H1 is the HARQ ID not scheduled.

Where Hi is the HARQ ID in the set {0-7}

4. CE Mode B DCI Design

The following agreement was made in RAN #99:

Agreement

At least for FDD, for unicast in CE mode B, the same DCI design option for HARQ ID, NDI, and number of scheduled HARQ processes is adopted for DL and UL.

Below  are the detailed designs.
4.1. Full-PRB Design and sub-PRB resource 
Proposal 5:   For CE mode B MTBG DCI design, for DL grant and full PRB UL grant and for Sub-PRB UL grant, the following bit map to indicate HARQ ID, # of HARQ, NDI,  MCS:
	Bits
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	1 HARQ
	0
	0
	0
	MCS
	HARQ1
	N1

	2 HARQS
	0
	MCS+3 
	HARQ2 Index
	N1
	N2

	3 HARQS
	MCS+15 
	HARQ3
	N2
	N3
	N4

	4 HARQS
	MCS +52
	N1
	N2
	N3
	N4


Where:


HARQ1 = HARQ ID scheduled

HARQ2 index = nChoosek(4- H1,2)-H2+H1

HARQ3 = HARQ ID not scheduled

MCS is 11 legacy values for DL grant and 10 legacy values for full PRB UL grant and 8 legacy values for sub-PRB UL grant 
4.2. 
Alt Sub-PRB
This is easy to encode/decode 
Proposal 6:   For CE mode B MTBG DCI design, when the Sub-PRB feature is enabled and flag for sub-PRB resource allocation=1, the following bit map to indicate HARQ ID, # of HARQ, NDI, SC resources location, MCS:

	Bits
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	
	 

	1 HARQ
	0
	0
	0
	0
	HARQ1
	N1
	MCS

	
	 

	2 HARQS
	0
	0
	HARQ2 Index 010-111
	N1
	N2
	MCS

	
	 

	3 HARQs
	0
	1
	HARQ3
	N1
	N2
	N3
	MCS

	
	 

	4 HARQs
	1
	1
	1
	N1
	N2
	N3
	N4
	MCS


Where:


HARQ1 = HARQ ID scheduled

HARQ2 index = nChoosek(4- H1,2)-H2+H1+2
HARQ3 = HARQ ID not scheduled

MCS is 3-bit legacy definition
5. 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. If gaps are not used, then no additional DCI bits should be used thus the following proposals are made:

Proposal 7:   Scheduling multiple TB with gaps is enabled and disabled by RRC signalling.

Proposal 8:   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 size of the Gap Configuration field in the DCI 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 [2] DCI gap configurations from a larger set of [16] of gap configurations. 

Proposal 9:   The DCI Gap Configuration Field is 1 bit and indicates one of two possible Gap Configurations where RRC signaling defines the corresponding gap configurations.

· FFS: the set of possible gap configurations
6. Scheduling of repetitions with interleaving 
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, RV cyclic repetition is not supported but frequency hopping may be supported. When frequency hopping is enabled we need to making sure that the TB are sent on at least two different narrowband. Switching TBs every SF maximizes time diversity so this should be maintained if possible. Assuming switching occurs every SF, then the problem of TB continually being sent on the same narrowband only occurs when 8 TBs are sent and # of HOPS=2 so in this case the order of the TBs sent can change from linear to [1 2 3 4   5 6 7 8   5 6 7 8   1 2 3 4]. 
Proposal 10:   For full PRB transmissions in CE Mode A when multiple TBs with repetitions and interleaving are scheduled by one DCI, the TB changes every SF.
If  frequency hopping is configured and (#TB ==K* #NB * # SF_per_Hop) where K= 1,2,3,4  then
               If #TB = 2  then interleaving pattern [ 1 2 2 1]

               If #TB = 4  then  interleaving pattern [ 1 2 3 4 4 3 2 1 ]

               If #TB = 8  then  interleaving pattern [ 1 2 3 4 5 6 7 8 8 7 6 5 4 3 2 1 ]

Else interleaving order is sequential 

Where 

#TB is number of scheduled HARQS

#NB is the number of frequency hopping narrowbands

#SF_per_Hop is the number of SF per frequency hop 

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 subframe 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 if only two TBs were sent this would degrade 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


Note: PDSCH can support frequency hopping up to 4 narrowbands whereas PUSCH only supports up to 2 narrowbands.  One solution is to change every 2nd mod(SF,4)=0 when the #of TBs = # of FH Narrowbands. 
Proposal 11:   For full PRB transmissions in CE Mode B, when multiple TBs with repetitions and interleaving are scheduled by one DCI
If  frequency hopping(FH) is configured & mod(# of TBs, # of FH narrowbands)=0 then

the TB changes when mod(SF,8)=0
else, the TB changes when mod(SF,4)=0
Note: RV cyclic repetition is not supported with sub-PRB transmissions. 
For sub-PRB transmission, we should follow the NB-IOT rules.

Proposal 12:   For sub-PRB transmissions, when multiple TBs with repetitions and interleaving are scheduled by one DCI – when to switch TBs should follow similar NB-IOT agreements
7. Gap for early termination

The following area for study/discussion was identified:
· For unicast, discuss whether the use of scheduling gaps can be used to allow early termination of an ongoing (multi-TB) uplink transmission.
Supporting early termination for HD-FDD UEs could be good for UE power consumption and network resource utilization thus we should strive to complete this, if there is time.

Proposal 13:   Strive to support early termination for HD-FDD UEs in the scheduling gaps
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