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1	Introduction
In RAN#80, a new work item on NB-IoT enhancements was approved (RP-181451) with the following objective:
Scheduling enhancement:
· Specify scheduling multiple DL/UL transport blocks with or without DCI for SC-PTM and unicast [RAN1, RAN2]
· Enhancement of SPS can be discussed.

In RAN1#95, the following agreements were made:
[bookmark: OLE_LINK29]Agreement
For multi-TBs scheduling
· UL: I_sc for each TB is same

Agreement
Confirm the working assumption that for UE supporting multiple TBs, the soft buffer size stays the same as that of the legacy UE.
Agreement
For UL/DL unicast, at least consecutive resource allocation in time is supported when multiple TBs are scheduled by one single DCI. 
· ‘consecutive resource allocation in time’ means no new scheduling gap between the end of previous TB and the start of the next TB 
FFS: Whether scheduling gaps is also supported
FFS: How to schedule repetitions within the consecutive resource allcoation

Agreement
For unicast, when multiple DL/UL transport blocks are assigned by a single DCI, the relationship(s) between HARQ process and TB is/are selected from the following two candidates(multiple choices are allowed)
· Relationship 1: 1 HARQ process corresponds to 1 TB
· Relationship 2: 1 HARQ process corresponds up to 2 TBs

Agreement
Maximum UL HARQ process supported is 2.
Maximum DL HARQ process supported is 2. 

Agreement 
The maximum number of TBs for multicast is one of [4, 8]
· FFS: Whether the TBs are back to back without gap

2	Techniques to study
TB interlacing

We note that consecutive transmission of TBs may not be optimal in terms of performance (e.g. due to lack of time diversity). In Figure 1 we show the difference between consecutive and interlaced PUSCH transmission.


Figure 1 Consecutive (Alt1) vs interlaced (Alt2) NPUSCH transmission.
In our companion contribution [1] we evaluated the gains of interlacing multiple transport blocks in eMTC. Similar gains should be observed in NB-IoT case (despite having a reduced number of HARQ processes).
Observation 1: Interlacing multiple transport blocks (in DL or UL) with multiple HARQ processes provides gain due to time diversity.
Proposal 1: Study the interlacing of TBs to achieve time diversity.
3	Optimizing DCI Design
For the relevant use cases, it is expected that changes to DCI are needed. These changes, however, should not increase the UE complexity in terms of NPDCCH blind decodes, given that NPDCCH decoding is one of the factors that drives the complexity envelope of the UE. 
Proposal 2: The introduction of scheduling enhancements shall not increase the UE complexity in terms of NPDCCH blind decodes.
One of the main advantages of multiple TBs being scheduled by a single DCI is that the NPDCCH overhead is reduced. Introducing many new DCI fields, however, would increase the number of repetitions needed to reliably decode the control channel. Therefore, it is desirable to study what parameters can be common across multiple TBs to reduce the DCI size. 
Proposal 3: Study what parameters can be common across multiple TBs to reduce DCI size.
DCI fields of interest from a UE perspective
We highlight the components (fields) of the DCI across which we have scope to design better solutions than individually encoding each field separately. While for 1 DCI scheduling 1 TB, the savings from such joint designs across fields don’t buy much in terms of bit (and hence UE power) savings, the savings in the case of 1 DCI scheduling multiple TBs can be substantial, as we will show in this contribution. The DCI fields of interest, across which we can design joint encoding/decoding schemes, are as follows:
1. HARQ Process bitmap: Given that the same DCI will schedule any number from 1 to  TBs, we propose to indicate the presence or absence of every HARQ process (from 1 to ) by a single bit, thereby trivially requiring  bits (trivially) to indicate the HARQ processes scheduled. This assumes that the processes scheduled are in an increasing/decreasing order of HARQ process IDs
2. NDI bitmap: Corresponding to every HARQ process, there is an NDI indicator that toggles upon a new TB being scheduled in that HARQ Process. This requires  bits (trivially).
3. RV Index bitmap: Corresponding to every HARQ process, 2 bits are required to signal the redundancy version (RV) of the TB being scheduled in that HARQ process. This requires  bits (trivially)
4. Repetition number (common across TBs scheduled by one DCI): This requires  bits in the DCI (where typically, ). We note that one possible value of the repetition number signalled by this field is always 1.
5. MCS (preferably common across TBs scheduled by one DCI): This trivially requires  bits in the DCI (where typically, ).
6. Frequency Hopping (FH) indicator: This is a 1-bit indication to enable or disable frequency hopping across multiple repetitions.

Individual encoding of DCI fields of interest
If we encode the above 6 fields individually when generating the “jumbo DCI” that schedules the  TBs, the previous paragraph demonstrates that we will need a total of ) bits to signal the DCI. Our goal is to compress the DCI by jointly encoding the above-mentioned DCI fields to eliminate potentially redundant combinations. 
Table 1: Bits required to separately encode relevant DCI fields for  TBs scheduled by one DCI
	DCI Fields of Interest
	Number of bits to encode separately

	HARQ Processes Scheduled
	

	NDI for HARQ Processes
	

	RV Indices for HARQ Processes
	

	Repetition Number (common across  TBs)
	

	MCS (common across  TBs)
	

	Frequency Hopping Indicator
	

	Total
	


Joint encoding and decoding of DCI—combining HARQ IDs, NDIs and RV Indices
We observe that by jointly encoding the HARQ Process ID, NDI and RV Index fields, we can eliminate several redundant combinations of these three fields from the DCI—specifically, when a HARQ process is not scheduled, the NDI and RV index fields for that HARQ process are redundant. This way, across these three fields, we end up with  jointly valid combinations per HARQ process (1 from when the process is not scheduled, and 8 from when the process is scheduled, and any combination of NDIs and RV indices are possible). With respect to separate, per-field encoding, this saves  bits in DCI, which, for  TBs scheduled by one DCI, turns out to be  bit of savings.
Observation 2: For  TBs scheduled by a single DCI, jointly encoding HARQ Process, NDI and RV index fields saves  bits in DCI. For  TBs, this results in a saving of 1 bit.
Proposal 4: Jointly encode at least the HARQ Process IDs, NDIs and RVs in the DCI to eliminate redundant combinations across these fields. FFS: Consider further joint encoding incorporating other fields.
To decode the jointly encoded DCI, a UE may implement an approach of recursive division of the decimal equivalent of the bitstream by the appropriate base, while determining the values of the individual fields from the remainders of the division at every step. A sample UE algorithm to interpret the individual fields from the jointly encoded DCI is presented below. Here, we assume that the decimal values of the jointly encoded bitstream range from  to . 
Pseudocode for UE decoding of jointly encoded HARQ Process, NDI and RV
Initialize temp = bin2dec (-bit DCI)
For 
mod (temp, 9);		/* Decoder enters  HARQ Process */
      /* HARQ bitmap value is 0 or 1 */
If  
mod ()     /* NDI if process scheduled */
mod (, 4) /* RV if process scheduled */
End If
temp = ⌊temp/9⌋;			/*  HARQ process parameters decoded */
End For
Impact of repetition number on RV Indices, MCS and Frequency Hopping indicator
The number of repetitions for the TBs scheduled by 1 DCI plays a key role in helping us prune the possible jointly valid/viable combinations across all the relevant DCI fields, by conditioning on the number of repetitions configured. The fields that see an impact due to this conditioning are listed below, together with a description of the impact, and the ensuing preclusions and restrictions on the number of combinations addressed by the joint DCI. 
1. Impact on RV Index indication: When the number of repetitions per TB is greater than or equal to 4, the RVs may cycle through the repetitions in a semi-statically configured/pre-determined fashion, and the specific RV index does not need to be signalled. Moreover, if the repetition number is 2, possible signalled values of the RV index may be reduced from 4 to 2—for example by signalling the possibilities from the tuples {RV0, RV1} and {RV2, RV3}. When the repetition number is 1 however, all 4 possibilities of the RV index need to be signalled. By conditioning on the repetition number, as discussed above, we significantly reduce the number of jointly valid combinations, as we will illustrate in an ensuing example. 
2. Impact on MCS: We can limit the possible MCS values that are used, depending on the repetition number. This makes sense, because a large repetition number typically implies that a UE is in poor coverage, and as a result, the entries corresponding to high modulation orders and coding rates in the MCS table are unlikely to be used. The simplest way to impose such a restriction is the following: if the number of repetitions is 1, configure from all the  MCS values; if repetition number is greater than 1, configure from a subset of size  MCS values. This approach can of course be extended to include finer degrees of granularity in the design of the joint encoding scheme.
3. Impact on Frequency Hopping indicator: When the number of repetitions per TB is 1, we don’t need to signal the FH indicator; in all other cases, we do.


Table 2: Impact of Repetition Number on Joint Encoding Design of DCI Fields
	DCI field jointly encoded with Repetition Number
	Repetition Number = 1
	Repetition Number = 2
	Repetition Number >= 4

	RV Index
	4 possible values
	2 possible values
	Not Signalled

	MCS
	 possible values
	Restricted, e.g.,  values
	Restricted, e.g.,  values

	Frequency Hopping
	Signalled (enabled/disabled)
	Not Signalled
	Not Signalled



Jointly encoding HARQ IDs, NDIs, RV Indices, MCS and repetition number—an example 

To illustrate the bit savings obtained from jointly encoding across all the relevant DCI fields as described above, we consider the following example:
1. Single DCI schedules  TBs
2. The possible repetition numbers are , where .
3. If repetition number = 1, all  MCS values are allowed; else,  smallest values are allowed
4. Dependence on RV index signalling on repetition number is as shown in Table 3.
5. Dependence of Frequency Hopping indicator signalling on repetition number is as shown in Table 3.
We now proceed to count the number of jointly valid combinations across all the fields as follows:
1. For repetition number = 1, we have  jointly valid combinations across HARQ Process ID, NDI, RV Index and MCS. The rationale behind the term  is explained before in the discussion on joint encoding of HARQ Process, NDI and RV Index.
2. For repetition number = 2, we have  jointly valid combinations across the other fields. The term  arises from the fact that now there are only 2 possibilities for RV index, as opposed to 4 for repetition number = 1. The additional 2 in the product (compared to the case of repetition number = 1) represents the combinations arising from enabling/disabling the Frequency Hopping
3. For each of the  values of repetition number ranging from  through , we have  jointly valid combinations across the other fields. The term  arises from the fact that the RV index is not signalled for HARQ processes in this setting.

Thus, the total number of jointly valid combinations across all the relevant DCI fields is given by: 

The bit savings in DCI with this approach, over the individual encoding approach in Table 1 is given by:
( bits
For a typical setting with , the joint encoding approach outlined above saves 5 bits from of a potential 16 bits required for individual encoding
[bookmark: _Hlk528861359]Proposal 5: Restrict the set of possible values for RV index, MCS and Frequency Hopping indicators based on the repetition number configured.
Proposal 6: Jointly encode the repetition number, RV indices, MCS, FH indicator, HARQ Process IDs and NDIs to eliminate signalling redundant and restricted combinations across these fields.
Observation 3: For a typical scenario with  TBs scheduled by one DCI, (separate) 3-bit repetition number signalling, (separate) 4-bit MCS signalling, and an MCS restriction to 2-bits for repetition numbers greater than 1, joint encoding across relevant DCI fields saves 5 bits (from a potential 16) vis-à-vis encoding fields separately.

4	Number of transport blocks and HARQ processes
In RAN1#95, we have following agreements related to the number of HARQ processes. 
Agreement
For unicast, when multiple DL/UL transport blocks are assigned by a single DCI, the relationship(s) between HARQ process and TB is/are selected from the following two candidates (multiple choices are allowed)
· Relationship 1: 1 HARQ process corresponds to 1 TB
· Relationship 2: 1 HARQ process corresponds up to 2 TBs

- Relationship 1: 1 HARQ process corresponds to 1 TB: This case should be considered the baseline and allows for retransmission in case any of the TBs is not correctly decoded.
- Relationship 2: 1 HARQ process corresponds up to 2 TBs: In this case, 2 TBs are associated with a HARQ process. In general, this does not allow for retransmission of all the two TBs (thus falling back to L2 ARQ).
In our view, the defined mechanisms should have support of HARQ retransmissions for all TBs. Falling back to ARQ would increase the delay and result in inefficiencies (e.g. operating the PHY at a much lower BLER, which would in turn decrease the effective throughput). Thus, we make the following proposal:
Proposal 7: For unicast, when multiple DL/UL transport blocks are assigned by a single DCI, Relationship 1: 1 HARQ process corresponds to 1 TB should be selected.
5	Gap for multiple TBs
Agreement 
The maximum number of TBs for multicast is one of [4, 8]
· FFS: Whether the TBs are back to back without gap

For decoding of DL data and control, the NB-IoT UE requires processing time. If DL multiple TBs are triggered by one DCI, the UE may need time gap, e.g., Gap1, to finish processing of the n-th NPDSCH and start reception of the (n+1)-th NPDSCH. Also, the UE requires processing time, e.g., Gap2, between last NPDSCH and next NPDCCH.
There are two different modes of UE processing. As illustrated in Figure 1, NPDCCH triggers NDPSCH0 and NPDSCH1 together. If UE is performing ‘real time demodulation’ with no buffering of next data, as illustrated in Figure 1(a), it is necessary to finish the processing of NPDSCH0 before starting the decoding of NPDSCH1. When the NPDSCH transmission duration of N subframes is shorter than the required decoding time N0, additional gap is needed to finish the NPDSCH0 before starting decoding NPDSCH1. On the other hand, if the duration of N subframes is longer than N0, the time N is sufficient already and NPDSCH0 and NPDSCH1 can be sent back to back, i.e., Gap1=0. Accordingly, the gap between two NPDSCHs is set as Gap1=max(N0-N,0). Similarly, similar principle can be applied to the separation between the last NPDSCH and the next NPDCCH. At least, the distance between the end of last NPDSCH and the end of the first NPDCCH candidate (e.g., 1st subframe assuming early termination for NPDCCH detection) of a search space should be no less than Gap2=N0. Similar gap configuration can be extended to te case of more than 2 TBs, with Gap1=max(N0-N,0) in between NPDSCHs and Gap2= N0 between the last NPDSCH and next NPDCCH. 
Another case is shown in Figure 1(b), where the UE is able to do parallel processing of decoding NPDSCH0 and buffering NPDSCH1 at the same time. The buffer size should be sufficient for max 2 packets of max TB size since UE support 2 HARQ processes already. In this case, the UE does not need to finish the decoding of NPDSCH0 so that the eNB could transmit NPDSCH0 and NPDSCH1 back to back, even if the transmission duration N is smaller than N0. If there is a new NPDCCH following the last NPDSCH, the Gap2 should finish the processing of all the TBs. As shown in Figure 1(b), taking into account the NPDSCH duration, the distance between the end of last NPDSCH and the end of the first NPDCCH candidate (e.g., 1st subframe assuming early termination for NPDCCH detection) of a search space should be no less than Gap2=max{2N0-N,N0}. 
The UE may have limited buffer and only can do batch processing of max two TBs. Further consideration is needed if more than 2 TBs are triggered together, on how to select the processing mode for efficient gap configuration. 
[image: ]
(a) Processing without buffering 
[image: ]
(b) Batch processing with buffering
Figure 2 UE processing of multi-TBs NPDSCH.
Proposal 8: For scheduling of multiple TBs for SC-PTM, consider the following processing modes for the UE:
- Option 1: “Real time processing” (UE receiving multiple NPDSCH with gap in between)
- Option 2: Batch processing (UE receiving multiple NPDSCH back to back + additional gap between last NDPSCH and next NPDCCH)
Proposal 9: The gap NPDSCH-NPDSCH and NPDSCH-NPDCCH depends on the required UE processing time and NPDSCH transmission duration.

6	Summary
In this contribution we presented our views on scheduling of multiple UL-DL transport blocks. The following observations and proposals are made:
Observation 1: Interlacing multiple transport blocks (in DL or UL) with multiple HARQ processes provides gain due to time diversity.
Proposal 1: Study the interlacing of TBs to achieve time diversity.
Proposal 2: The introduction of scheduling enhancements shall not increase the UE complexity in terms of NPDCCH blind decodes.
Proposal 3: Study what parameters can be common across multiple TBs to reduce DCI size.
Observation 2: For  TBs scheduled by a single DCI, jointly encoding HARQ Process, NDI and RV index fields saves  bits in DCI. For  TBs, this results in a saving of 1 bit.
Proposal 4: Jointly encode at least the HARQ Process IDs, NDIs and RVs in the DCI to eliminate redundant combinations across these fields. FFS: Consider further joint encoding incorporating other fields.
Proposal 5: Restrict the set of possible values for RV index, MCS and Frequency Hopping indicators based on the repetition number configured.
Proposal 6: Jointly encode the repetition number, RV indices, MCS, FH indicator, HARQ Process IDs and NDIs to eliminate signalling redundant and restricted combinations across these fields.
Observation 3: For a typical scenario with  TBs scheduled by one DCI, (separate) 3-bit repetition number signalling, (separate) 4-bit MCS signalling, and an MCS restriction to 2-bits for repetition numbers greater than 1, joint encoding across relevant DCI fields saves 5 bits (from a potential 16) vis-à-vis encoding fields separately.
Proposal 7: For unicast, when multiple DL/UL transport blocks are assigned by a single DCI, Relationship 1: 1 HARQ process corresponds to 1 TB should be selected.
Proposal 8: For scheduling of multiple TBs for SC-PTM, consider the following processing modes for the UE:
- Option 1: “Real time processing” (UE receiving multiple NPDSCH with gap in between)
- Option 2: Batch processing (UE receiving multiple NPDSCH back to back + additional gap between last NDPSCH and next NPDCCH)
Proposal 9: The gap NPDSCH-NPDSCH and NPDSCH-NPDCCH depends on the required UE processing time and NPDSCH transmission duration.
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