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Introduction
In RAN #80, a WI ‎[1] was approved for improvement for machine type communication for cat-M UE’s including following objectives: 
Scheduling enhancement:
· [bookmark: _Hlk516765510]Specify scheduling multiple DL/UL transport blocks with or without DCI for SC-PTM and unicast [RAN1, RAN2]
· Enhancement of SPS can be discussed.

[bookmark: _Ref129681832]In RAN1 #97, the following agreements were reached ‎[2]:
Working Assumption
· 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

Working Assumption
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.

Agreement
For scheduling of multiple TBs with SC-MTCH, scheduling gaps are supported.

Agreement
For scheduling of multiple TBs with SC-MTCH, a DCI field indicates the number of scheduled TBs.


This contribution assesses the procedures for scheduling of multiple uplink/downlink transport blocks.
Discussion
In this contribution we focus on scheduling unicast multiple DL/UL transport blocks. Any mention of scheduling multiple TBs is referring to scheduling unicast multiple TBs unless specified otherwise.

DCI size
The size of the DCI has not yet been agreed upon and the DCI size may affect several behaviors for the UE and the network. In ‎[4] it is shown how the DCI size affects the number of required repetitions. This in fact will result in longer processing, causing an increase in power consumption. With the increase of the DCI’s size, the UE will need to increase the required buffer size of the UE. This will hamper the upgradability of UEs already deployed in the field. 
Observation 1: [bookmark: _Ref16774109]Bigger DCI results in an increase in power consumption, and the UE will require a bigger buffer.
Observation 2: [bookmark: _Ref16774129]Every bit increase in the DCI’s size must be carefully evaluated.
HARQ Process ID Assignment
In RAN1 #95 and RAN1 #96 ‎[2] the HARQ process ID assignment was examined. It was agreed in RAN1 #95 the maximum number of TBs for CEModeA will be 8, and for CEModeB will be 4. To allocate all combinations of both the HPID (HARQ Process ID) and the NDI in the FDD case will require 16 bits in case of 8 possible HPID regardless of the number of transmitted TBs. This is possible by using two 8-bit long bitmaps, one for allocated HPIDs and one for NDIs. However, using a bitmap will not be possible while retaining the size of the current DCI, without strenuous changes to the DCI structure. 
Observation 3: [bookmark: _Ref4767360]Using HPID and NDI bitmaps may allow flexibility, however it is not possible with the current DCI size, without strenuous changes to the DCI structure. 
We suggest a more bit-conservative method, while retaining similar flexibility to transmit HARQ process out of sequence. 
We define a table, where each entry in the table corresponds to one or more HARQ process IDs and its NDI values. The DCI has a field pointing to each of the table entries. To generate the table, we suggest a few guidelines. 
First, we need to agree on the number of bits allocated towards the HPID sequence and for the NDI flags. The number of available bits is discussed in several contributions. Since it is not the topic of this contribution we will assume allocation of  bits for FDD. It is necessary to have more than 4 bits for the transmission because it is necessary to be able to transmit at least all 8 1-TB HPID sequences with all NDI combinations which amount to 16. Moreover, it is necessary to add sequences with more than one HPID. These bits will be used jointly to define the number of TBs, the HPIDs and the NDI flag for each HPID. 
If RAN1 agrees to allocate more bits for this purpose, we may amend our proposal accordingly.
Proposal 1: [bookmark: _Ref16774158]At most five bits are allocated for jointly encoding the number of TBs, HPID sequence and NDI sequence for FDD.
Now, it is possible to start building the HPID/NDI sequence table. 
Representing all the possible combinations of HARQ process ID sets, with all possible set sizes (number of allocated TBs) up to 8, would require a very large number of entries in the table and many bits to index all the entries. Therefore, the first guideline is to reduce the number of HARQ process ID combinations such that only either increasing or decreasing HARQ process ID sets are represented in the table. This should be possible since the HPID order does not have a significant meaning.
For the rest of the contribution we will assume an increasing order for simplicity
Proposal 2: [bookmark: _Ref4767376]For multiple-TB DCI, the HARQ process ID sequence is in increasing order.  
The building of a HARQ process set can be seen in Figure 1. To represent the group of all the HPID sequences we have defined the variable .
 is the number of different allocated TBs. For example, if it is decided to support full transmission range of 1-8 TBs using one DCI, . In case a smaller range will be decided, .
 is a vector of size . Each element in this vector represents the number of different HARQ process sequences that are available per number of allocated TBs. If, for example, the value of  , there is only one sequence available for 8 TB transmission, i.e. only the sequence of HPID #1 through HPID #8 in an increasing order, for FDD. This will imply there will not be any retransmissions in this scenario since we do not signal NDI values in this case. To define , it is necessary to decide upon the flexibility of the table. For example, more 2-TBs sequences allow for more flexibility but will require more overhead for longer sequences. Setting more 3-TBs sequences will reduce overhead for some combination, but other combinations will require more overhead as there is no specific pre-set sequence in the table.
Vector  is also of size  and each element represents the number of TBs to be transmitted (). If the range specified is of 1-8 TBs,  will be defined as . Additional example is the  range of , for which . In this use-case only 1-TB, 2-TBs, 6-TBs, and 8-TBs DCIs are defined.
Variables  are used as indices to iterate on vector  and .
Table creation steps: Step 1 is an initialization of the indices. In step 2 we specify the number of TBs to be transmitted. In step 3 we generate a sequence of HARQ process to be transmitted using an algorithm specified in Figure 2. Step 4 adds the new sequence of HARQ processes to the HARQ process set . We do these iterations  times for each possible  according to steps 5 to 8.Figure 1 - Proposed Algorithm for HPID Sequence Generation
    Figure 2 - Break down of Step 3 in Figure 1



























In Figure 2, we expand Step 3 of Figure 1. As input we receive , , and . We define  as all the possible combinations of HPID sequences given the number of allocated TBs, maximum number of HPIDs, and the corresponding NDI field. With the condition of , meaning whenever a sequence is added to , it is subtracted from . 
Sequence creation steps: In step 3-1 we declare the input we receive. In step 3-2 we create a new sequence set which includes all the possible combinations of sequences from  for  TBs for transmission. The sequence set is put into . As stated before, all combinations’ HPID need to be in ascending order, and any sequence already in  is excluded. In step 3-3 we define  as the sequence in set  containing the least distance from set .
The suggested definition of distance is one over the minimum number of HPID sequences in  required to transmit the current sequence. Therefore, a sequence which reduces the number of DCIs required for a specific sequence will be chosen.
We ignore the use case for retransmission of sequences that have for the reason it is not likely several sequences will need to retransmit (an assumption the possibility of 1 TB retransmission is 10%). However, the retransmission use case may be further evaluated depending on the proposed use case.
Observation 4: [bookmark: _Ref4767412]Defining  as a vector specifying the number of HPID per  transmissions of TBs along with a distance formula to calculate HPID sequence allows the generation of HPID sequence pool.
[image: ]
[bookmark: _Ref4710336]Figure 2 - Break down of Step 3 in Figure 1
Using the proposed algorithm, depending on the distance formula, we can build a table for both NDI fields, and HPID sequence per a combination of  bits.
Suggested HPID sequence pool with NDI field
The example in Table 1 is relevant for CEModeB in FDD. The maximum number of TBs per DCI is set to 4. The bit formula is used to differentiate between the different HPID/NDI sequences. One may see that all combinations for NDI, and HPID for 1-TB transmission are covered. This is to allow retransmission of any single process as it is the most common case for retransmission. In case the use case of legacy DCI is allowed with Rel-16 multiple UL/DL, this condition may be removed. When  it can be seen NDI is always 1, as a retransmission has 10% chance of occurring, so it seems we can exclude the less probable use case of two retransmissions and it would be good tradeoff between flexibility and DCI size. However, if the retransmission probability for a single process is greater, retransmission in sequences of  might be added. Adding a single retransmission in a sequence is more likely, however the number of combinations is quite big in this use case, and we suggest using a single TB retransmission in this case.
For new data, the algorithm can be seen to minimize the number of DCIs required to transmit an HPID sequence. For example, a transmission of HPID sequence of [0 2 5 7] without the last table entry will require 4 1-TB DCIs. The algorithm is trying to minimize the number of required DCIs per long sequences, while also allowing for flexibility of smaller sequences.
Observation 5: [bookmark: _Ref4767428]Using the proposed algorithm minimizes the number of DCIs required to transmit HPID sequences.
It can be seen in this use case the vector  (i.e. 16 sequences are used for single TB allocation, 9 sequences for 2 TBs allocation and so on), the number of bits  and HARQ processes are 0-7.
		Bit formula
	P #
	NDI

	0
	0
	0
	0
	0
	0
	-
	-
	-
	0
	-
	-
	-

	0
	0
	0
	0
	1
	1
	-
	-
	-
	0
	-
	-
	-

	0
	0
	0
	1
	0
	2
	-
	-
	-
	0
	-
	-
	-

	0
	0
	0
	1
	1
	3
	-
	-
	-
	0
	-
	-
	-

	0
	0
	1
	0
	0
	4
	-
	-
	-
	0
	-
	-
	-

	0
	0
	1
	0
	1
	5
	-
	-
	-
	0
	-
	-
	-

	0
	0
	1
	1
	0
	6
	-
	-
	-
	0
	-
	-
	-

	0
	0
	1
	1
	1
	7
	-
	-
	-
	0
	-
	-
	-

	0
	1
	0
	0
	0
	0
	-
	-
	-
	1
	-
	-
	-

	0
	1
	0
	0
	1
	1
	-
	-
	-
	1
	-
	-
	-

	0
	1
	0
	1
	0
	2
	-
	-
	-
	1
	-
	-
	-

	0
	1
	0
	1
	1
	3
	-
	-
	-
	1
	-
	-
	-

	0
	1
	1
	0
	0
	4
	-
	-
	-
	1
	-
	-
	-

	0
	1
	1
	0
	1
	5
	-
	-
	-
	1
	-
	-
	-

	0
	1
	1
	1
	0
	6
	-
	-
	-
	1
	-
	-
	-

	0
	1
	1
	1
	1
	7
	-
	-
	-
	1
	-
	-
	-



		Bit formula
	P #
	NDI

	1
	0
	0
	0
	0
	0
	1
	-
	-
	1
	1
	-
	-

	1
	0
	0
	0
	1
	1
	2
	-
	-
	1
	1
	-
	-

	1
	0
	0
	1
	0
	2
	3
	-
	-
	1
	1
	-
	-

	1
	0
	0
	1
	1
	3
	4
	-
	-
	1
	1
	-
	-

	1
	0
	1
	0
	0
	4
	5
	-
	-
	1
	1
	-
	-

	1
	0
	1
	0
	1
	5
	6
	-
	-
	1
	1
	-
	-

	1
	0
	1
	1
	0
	6
	7
	-
	-
	1
	1
	-
	-

	1
	0
	1
	1
	1
	2
	4
	-
	-
	1
	1
	-
	-

	1
	1
	0
	0
	0
	0
	7
	-
	-
	1
	1
	-
	-

	1
	1
	0
	0
	1
	0
	2
	4
	-
	1
	1
	1
	-

	1
	1
	0
	1
	0
	3
	5
	7
	-
	1
	1
	1
	-

	1
	1
	0
	1
	1
	1
	3
	5
	-
	1
	1
	1
	-

	1
	1
	1
	0
	0
	1
	4
	6
	-
	1
	1
	1
	-

	1
	1
	1
	0
	1
	0
	3
	7
	
	1
	1
	1
	1

	1
	1
	1
	1
	0
	0
	4
	6
	7
	1
	1
	1
	1

	1
	1
	1
	1
	1
	0
	2
	5
	7
	1
	1
	1
	1





[bookmark: _Ref4712218]Table 1 -Bit formula per HPID sequence with NDI (4 TBs)
We further explore a similar example for CEModeA, FDD in Table 2. We can see the parameters are similar. However, the vector  has changed to . Another parameter changed is vector  to accommodate more  transmission, .  It can be seen we’ve neglected several  possibilities. This is done to simplify and allow for more lower combinations. It can be seen there is only one possibility for the case of 8TBs transmission in FDD. In TDD we will encounter more combination, which will be handled similarly to the rest of the HPID sequences. It can be seen in this example HPID sequence [0 4 5 7] is not possible using any two DCIs, whereas most other combination can at least be transmitted using a DCI with scheduling of 2 TBs. 

	Bit formula
	P #
	NDI

	0
	0
	0
	0
	0
	0
	-
	-
	-
	-
	-
	-
	-
	0
	-
	-
	-
	-
	-
	-
	-

	0
	0
	0
	0
	1
	1
	-
	-
	-
	-
	-
	-
	-
	0
	-
	-
	-
	-
	-
	-
	-

	0
	0
	0
	1
	0
	2
	-
	-
	-
	-
	-
	-
	-
	0
	-
	-
	-
	-
	-
	-
	-

	0
	0
	0
	1
	1
	3
	-
	-
	-
	-
	-
	-
	-
	0
	-
	-
	-
	-
	-
	-
	-

	0
	0
	1
	0
	0
	4
	-
	-
	-
	-
	-
	-
	-
	0
	-
	-
	-
	-
	-
	-
	-

	0
	0
	1
	0
	1
	5
	-
	-
	-
	-
	-
	-
	-
	0
	-
	-
	-
	-
	-
	-
	-

	0
	0
	1
	1
	0
	6
	-
	-
	-
	-
	-
	-
	-
	0
	-
	-
	-
	-
	-
	-
	-

	0
	0
	1
	1
	1
	7
	-
	-
	-
	-
	-
	-
	-
	0
	-
	-
	-
	-
	-
	-
	-

	0
	1
	0
	0
	0
	0
	-
	-
	-
	-
	-
	-
	-
	1
	-
	-
	-
	-
	-
	-
	-

	0
	1
	0
	0
	1
	1
	-
	-
	-
	-
	-
	-
	-
	1
	-
	-
	-
	-
	-
	-
	-

	0
	1
	0
	1
	0
	2
	-
	-
	-
	-
	-
	-
	-
	1
	-
	-
	-
	-
	-
	-
	-

	0
	1
	0
	1
	1
	3
	-
	-
	-
	-
	-
	-
	-
	1
	-
	-
	-
	-
	-
	-
	-

	0
	1
	1
	0
	0
	4
	-
	-
	-
	-
	-
	-
	-
	1
	-
	-
	-
	-
	-
	-
	-

	0
	1
	1
	0
	1
	5
	-
	-
	-
	-
	-
	-
	-
	1
	-
	-
	-
	-
	-
	-
	-

	0
	1
	1
	1
	0
	6
	-
	-
	-
	-
	-
	-
	-
	1
	-
	-
	-
	-
	-
	-
	-

	0
	1
	1
	1
	1
	7
	-
	-
	-
	-
	-
	-
	-
	1
	-
	-
	-
	-
	-
	-
	-


[bookmark: _Ref4764047]Table 2-A - Bit formula per HPID sequence with NDI (8 TBs)

	Bit formula
	P #
	NDI

	1
	0
	0
	0
	0
	0
	1
	-
	-
	-
	-
	-
	-
	1
	1
	-
	-
	-
	-
	-
	-

	1
	0
	0
	0
	1
	1
	2
	-
	-
	-
	-
	-
	-
	1
	1
	-
	-
	-
	-
	-
	-

	1
	0
	0
	1
	0
	2
	3
	-
	-
	-
	-
	-
	-
	1
	1
	-
	-
	-
	-
	-
	-

	1
	0
	0
	1
	1
	3
	4
	-
	-
	-
	-
	-
	-
	1
	1
	-
	-
	-
	-
	-
	-

	1
	0
	1
	0
	0
	4
	5
	-
	-
	-
	-
	-
	-
	1
	1
	-
	-
	-
	-
	-
	-

	1
	0
	1
	0
	1
	5
	6
	-
	-
	-
	-
	-
	-
	1
	1
	-
	-
	-
	-
	-
	-

	1
	0
	1
	1
	0
	6
	7
	-
	-
	-
	-
	-
	-
	1
	1
	-
	-
	-
	-
	-
	-

	1
	0
	1
	1
	1
	2
	4
	-
	-
	-
	-
	-
	-
	1
	1
	-
	-
	-
	-
	-
	-

	1
	1
	0
	0
	0
	0
	7
	-
	-
	-
	-
	-
	-
	1
	1
	-
	-
	-
	-
	-
	-

	1
	1
	0
	0
	1
	0
	6
	-
	-
	-
	-
	-
	-
	1
	1
	-
	-
	-
	-
	-
	-

	1
	1
	0
	1
	0
	0
	2
	4
	6
	-
	-
	-
	-
	1
	1
	1
	1
	-
	-
	-
	-

	1
	1
	0
	1
	1
	0
	2
	5
	7
	-
	-
	-
	-
	1
	1
	1
	1
	-
	-
	-
	-

	1
	1
	1
	0
	0
	0
	3
	5
	7
	-
	-
	-
	-
	1
	1
	1
	1
	-
	-
	-
	-

	1
	1
	1
	0
	1
	0
	4
	5
	7
	-
	-
	-
	-
	1
	1
	1
	1
	-
	-
	-
	-

	1
	1
	1
	1
	0
	2
	5
	6
	7
	-
	-
	-
	-
	1
	1
	1
	1
	-
	-
	-
	-

	1
	1
	1
	1
	1
	1
	2
	3
	4
	5
	6
	7
	8
	1
	1
	1
	1
	1
	1
	1
	1


Table 3-B - Bit formula per HPID sequence with NDI (8 TBs)
Proposal 3: [bookmark: _Ref4767450]Use sequence generating algorithm as baseline for HPID, and NDI fields in Rel-16 multiple UL/DL TBs DCI. 
Multi TB HARQ Response
Another issue discussed in multi-TBs transmission is the ability to give a response to all TBs. In RAN1 #96bis to allow for ACK/NACK bundling on PUCCH. We believe there can be another method allowed.
One of the disadvantages of HARQ-ACK bundling is the case of few TBs being lost causing a retransmission of all TBs. We propose to mitigate the number of retransmissions. In Figure 3 scenario 1 is portrayed. In this scenario a multi-TB transmission of 6 TBs is transmitted. The ‘X’-s depict a failed transmission. Current bundling method would require all 6TBs to be retransmitted. Our proposal suggests using 4-bits to differentiate between use cases. In the case of scenario 1, it would only be necessary to retransmit the failed transmission. The method would have to use the 4 bits giving a boundary in which the failed or successful transmission has occurred. In case of scenario 1, this will mean all TBs after the 5th TB have failed. The bit formula can be seen in Table 4.
Observation 6: [bookmark: _Ref16774192]Current HARQ-ACK bundling can cause unnecessary retransmissions.
[image: ]
[bookmark: _Ref16699540]Figure 3 - Multi TB transmission scenario 1

	Bit Formula
	Consequence

	0
	0
	0
	0
	Retransmit ALL

	0
	0
	0
	1
	Retransmit TBs 1

	0
	0
	1
	0
	Retransmit TBs 1-2

	0
	0
	1
	1
	Retransmit TBs 1-3

	0
	1
	0
	0
	Retransmit TBs 1-4

	0
	1
	0
	1
	Retransmit TBs 1-5

	0
	1
	1
	0
	Retransmit TBs 1-6

	0
	1
	1
	1
	Retransmit TBs 1-7

	1
	0
	0
	0
	No Retransmission

	1
	0
	0
	1
	Retransmit TBs 2-8

	1
	0
	1
	0
	Retransmit TBs 3-8

	1
	0
	1
	1
	Retransmit TBs 4-8

	1
	1
	0
	0
	Retransmit TBs 5-8

	1
	1
	0
	1
	Retransmit TBs 6-8

	1
	1
	1
	0
	Retransmit TBs 7-8

	1
	1
	1
	1
	Reserved


[bookmark: _Ref16700184]Table 4 - Suggested PUCCH format
Looking at Figure 5, it is possible to see scenario 2. In this case it can be seen the most efficient way to conserve TBs is by transmitting PUCCH bit formula of ‘’0100’ causing a retransmission of only 2 extra TB vs 4 extra TBs in case of current PUCCH bundling.
[image: ]
[bookmark: _Ref16700324]Figure 5 - Multi TB transmission scenario 2
Let us explore more of the advantages of this system. Looking at Table 5, it is possible to see the detection probability for a given number of TBs, in a known BLER, given 6 TBs were transmitted. In Table 6, we calculated the gain in saved TB transmission for all the different scenarios. For example, the given method saves approximately 1.3 TBs granted only 2 TBs have been successfully decoded.
	#TBs
	BLER
	%TB=0
	TB=1
	%TB=2
	%TB=3
	%TB=4
	%TB=5
	%TB=6

	6
	0.6
	0.004096
	0.036864
	0.13824
	0.27648
	0.31104
	0.186624
	0.046656

	6
	0.7
	0.000729
	0.010206
	0.059535
	0.18522
	0.324135
	0.302526
	0.117649

	6
	0.8
	6.4E-05
	0.001536
	0.01536
	0.08192
	0.24576
	0.393216
	0.262144

	6
	0.9
	1E-06
	5.4E-05
	0.001215
	0.01458
	0.098415
	0.354294
	0.531441


[bookmark: _Ref16700847]Table 5 - Detection probability for different number of TBs with a given BLER
	Tx TBs\Successful
	1
	2
	3
	4
	5
	6

	6
	0.333333
	0.733333
	1.3
	2.133333
	4
	NA


[bookmark: _Ref16700991]Table 6 - Average number of TBs saved over current bundling
In Table 7 we combine the two tables to calculate the average gain per BLER. The gain is in TBs which means for BLER of 0.7, we conserve on average 2.2 TBs of retransmission – more than 30%.
	BLER
	Gain for 6TBs

	0.6
	1.883136

	0.7
	2.189439

	0.8
	2.215424

	0.9
	1.646991


[bookmark: _Ref16701463]Table 7 - Average gain in TBs per BLER, given 6 TBs have been transmitted
Observation 7: [bookmark: _Ref16774209]Using proposed method allows for more than 30% gain in saved TB transmissions.
Proposal 4: [bookmark: _Ref16774249]RAN1 to investigate proposed method as another means of PUCCH bundling for multi-TB transmission.
Conclusion
In this contribution we make the following observations and proposals:
‎Observation 1: Bigger DCI results in an increase in power consumption, and the UE will require a bigger buffer.
‎Observation 2:Every bit increase in the DCI’s size must be carefully evaluated.
‎Observation 3: Using HPID and NDI bitmaps may allow flexibility, however it is not possible with the current DCI size, without strenuous changes to the DCI structure.
[bookmark: _GoBack]‎Proposal 1: At most five bits are allocated for jointly encoding the number of TBs, HPID sequence and NDI sequence for FDD.
‎Proposal 2: For multiple-TB DCI, the HARQ process ID sequence is in increasing order.
‎Observation 4: Defining  as a vector specifying the number of HPID per  transmissions of TBs along with a distance formula to calculate HPID sequence allows the generation of HPID sequence pool.
‎Observation 5: Using the proposed algorithm minimizes the number of DCIs required to transmit HPID sequences.
‎Proposal 3: Use sequence generating algorithm as baseline for HPID, and NDI fields in Rel-16 multiple UL/DL TBs DCI.
‎Observation 6: Current HARQ-ACK bundling can cause unnecessary retransmissions.
‎Observation 7: Using proposed method allows for more than 30% gain in saved TB transmissions.
‎Proposal 4: RAN1 to investigate proposed method as another means of PUCCH bundling for multi-TB transmission.
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