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Introduction
In RAN1#98bis, the following agreements were reached regarding scheduling of multiple TBs in eMTC:
Agreement
The unicast multi-TB feature is enabled separately for DL and UL
Agreement
For unicast, scheduling gaps can be configured separately for DL and UL by RRC
· Dynamic activation/deactivation of scheduling gaps via DCI is FFS.

Agreement
For UEs that support multi-TB scheduling with HARQ-ACK bundling, the bundling is enabled/disabled/configured by RRC and the actual bundle size is indicated by DCI

Agreement
· For UEs that support multi-TB scheduling with HARQ-ACK bundling, the maximum bundle size is 4.
· Strive to reuse Rel-14 HARQ-ACK bundling feature as baseline at least for the non-interleaving case

Agreement
· For unicast in CE mode A, at least for 1-2 TBs, scheduling with a single DCI is supported without new restrictions on MCS.
· FFS for > 2TBs
· For unicast in CE mode A, at least for 1-2 TBs, scheduling with a single DCI is supported without new restrictions on RA.
· FFS for > 2TBs
· FFS for CE mode B

Agreement
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

Agreement
For unicast in CE mode A, for the purpose indicating the number of TBs, select Option 2, i.e.:
· A new or repurposed field(s) in DCI indicates implicitly or explicitly to indicate 1 TB or multiple TBs
· FFS: Details on how to indicate the exact number of TBs in case it is multiple

Agreement
For unicast in CE mode B, for the purpose indicating the number of TBs, select Option 2, i.e.:
· A new or repurposed field(s) in DCI indicates implicitly or explicitly to indicate 1 TB or multiple TBs
· FFS: Details on how to indicate the exact number of TBs in case it is multiple

Conclusion
For multicast, interleaving is not supported
Agreement
For multicast, the scheduling gap configuration indicates:
· Scheduling gap duration with granularity(FFS)
· FFS: Scheduling gap periodicity
· FFS: Other scheduling gap properties

Agreement 
For unicast, the scheduling gap configuration indicates:
· Scheduling gap duration with granularity(FFS)
· FFS: Scheduling gap periodicity
· FFS: Scheduling gap time offset
· FFS: Threshold for enabling scheduling gap 

Agreement
For unicast, a scheduling gap containing an MPDCCH transmission can be used for indication of early termination of ongoing PUSCH transmission(s).
· FFS: Whether a UE is required to monitor MPDCCH during the scheduling gap
· FFS: Whether the above also applies for PDSCH
· 
Agreement
Unicast multi-TB scheduling can be configured and used together with at least the following other features:
· Rel-14 feature for 2984 bits max UL TBS in 1.4 MHz in CE mode A
FFS till RAN1#99 whether unicast multi-TB scheduling can be configured and/or used together with the following other features:
· Rel-14 feature for new numbers of repetitions for PUSCH and modulation restrictions for PDSCH/PUSCH in CE mode A
· Rel-14 feature for modulation restrictions for PDSCH/PUSCH in CE mode A
· Rel-14 feature on HARQ-ACK bundling in HD-FDD in CE mode A
· Rel-14 features for 5 or 20 MHz max PDSCH/PUSCH channel bandwidths in CE mode A/B
· Rel-14 feature for 10 downlink HARQ processes in FDD in CE mode A
· Rel-14 feature for dynamic HARQ-ACK delay for HD-FDD in CE mode A
· Rel-15 feature for PUSCH sub-PRB allocation in CE mode A/B
· Rel-15 feature for 64QAM for non-repeated unicast PDSCH in CE mode A
· Rel-15 feature for uplink HARQ-ACK feedback in DCI in CE mode A/B
· Rel-15 features for flexible starting PRB for PDSCH/PUSCH in CE mode A/B
· Any other feature that was supported since Rel-13 LTE eMTC

In this contribution we present our views on the remaining issues for multi-TB scheduling for eMTC.
DCI Design for CE Mode B
In this section we detail the DCI design for CE Mode B. Our design comprises the following key ingredients:
1. The design ensures “full flexibility” for when 1 and 2 TBs are scheduled—i.e., there are no restrictions placed on the ranges of values indicated by the DCI fields in legacy DCI Format 6-1B.
2. HARQ Processes scheduled and their corresponding NDIs are jointly encoded
3. The design introduces a modest restriction on the MCS values permitted for large values of repetition numbers when 3 or 4 TBs are scheduled—this is a reasonable trade-off, considering that the largest repetitions for CE Mode B are mainly for UEs in poor coverage, wherein larger MCS values are not of much relevance.
4. The design adds a total of 4 bits to legacy DCI Format 6-1B—this, keeping in mind the fact that legacy DCI Format 6-1B only supports scheduling 1 TB, versus up to 4 that is agreed to be supported within the ambit of this work item for CE Mode B.
DCI Encoding
The design proceeds by systematically defining a joint encoding strategy across number of TBs scheduled, HARQ process IDs scheduled, corresponding NDIs, repetition number and MCS, to produce a -bit output across these fields, .
In the design, the first bit  serves as an explicit indication as to whether the number of TBs scheduled is in the set  (indicated by ) or in the set  (indicated by ). 
The design uses combinatorial numbers to indicate which HARQ processes IDs (and their corresponding NDIs) are scheduled, like the method of indicating MPDCCH PRB-pairs in TS 36.213, Section 9.1.4.4.
The DCI encoding for the bits  described above is explained algorithmically in what follows:
If  (i.e., 1 or 2 TBs are scheduled)
·  encode the  32 combinations of HARQ and NDI per 
·  encode MCS
·  encode repetition number

Else, (i.e., =1, and 3 or 4 TBs are scheduled)
· () encode  48 combinations of HARQ and NDI per 
· () jointly encode MCS and repetition number per Table 1

End If
:
If #TBs to be scheduled = 1
	dec2bin 
Else
	( dec2bin 
End
:
If #TBs scheduled = 3
	dec2bin 
Else
	dec2bin 
End
Note: In and ,
1.   is the combinatorial index mapping the HARQ processes  scheduled, and is given by , where 
2.  is the decimal equivalent of the NDIs  of the HARQ processes  scheduled, and is given by 
Table 1: Bits  when 3 or 4 TBs are scheduled
	Repetition number
	Prefix-free encoding of repetition number
	Bits remaining to encode MCS

	
	, 
	4-bits “”

	
	, 
	3-bits “”

	
	, 
	3-bits “”

	
	, 
	3-bits “”

	
	, 
	3-bits “”

	
	, 
	3-bits “”

	
	, 
	2-bits “”

	
	, 
	2-bits “”


DCI Decoding Principles
The decoder for the -bit DCI chunk explained in subsection 2.1 is mostly simple. Based on the bit  the UE will know whether the number of TBs scheduled is in the set  or . 
If the number of TBs scheduled , the only non-trivial part is decoding the bitstream —i.e., decoding the operations of . Owing to the use of unique combinatorial indices to map the HARQ Process IDs and NDIs, each value represented by the bitstream  is decodable by the UE without the need for a look-up table, much like the way it interprets the indices of the PRB pairs for MPDCCH, from the combinatorial representation followed in TS 36.213, Section 9.1.4.4.
If the number of TBs scheduled , a similar decoder as described above may be used to interpret the bits  encoded by the operations in . The additional step in this branch is to interpret the bits —this is straightforward in this case, since Table 1 follows a prefix-free encoding approach.
Our point in this subsection is to underscore that the encoding principles we outline throughout the paper, have a rather simple decoder implementation (especially in comparison to much more complicated computational tasks that every UE performs today—for example, channel estimation). Concerns raised about implementing look-up tables should also largely be mitigated, based upon the use of uniquely (and systematically) decodable combinatorial indices to represent combinations. Of course, if DCI size was not a concern, one could trivially keep every field separate, to facilitate “read-off decoding”, so to speak. But joint encoding provides significant bit savings in the DCI that is otherwise difficult to achieve without imposing severe restrictions (such as restricting the HARQ process IDs that can be scheduled). 
Proposals for CE Mode B
Proposal 1: For the DCI design for scheduling multiple transport blocks in CE Mode B:
· Retain same scheduling flexibility as legacy DCI when the number of TBs scheduled 
· Retain full scheduling flexibility across all combinations of (up to 4) HARQ processes for all values of number of TBs scheduled
· Jointly encode HARQ processes scheduled and NDIs for all values of number of TBs scheduled
· For number of scheduled TBs , restrict the MCSs allowed when number of repetitions is large 

Proposal 2: Adopt the DCI design for scheduling multiple transport blocks in CE Mode B outlined in Section 2.

DCI Design for CE Mode A
For CE Mode A, the DCI has the following additional (and potentially significant to the eventual size of the DCI) aspects, that is different from the design for CE Mode B
1. The legacy DCI for CE Mode A has associated with it a redundancy version (RV) index for every TB, that can take four potential values. Without restrictions and/or joint-encoding of fields, this has the potential to increase the signalling required exponentially in the number of TBs scheduled.
2. The DCI for CE Mode A has associated with it a Frequency Hopping (FH) indicator—this indicator is designed for CE Mode A (on top of the RRC configurations for hopping) to allow opportunistic scheduling in frequency, when good quality CSI is available to the base station.
3. Importantly, the maximum number of TBs that can be scheduled by a single DCI, per previous agreements, is 8 for CE Mode A, versus 4 for CE Mode B

In keeping with our DCI design methodology for CE Mode B, our design for CE Mode A has the following key ingredients:
1. The design ensures “full flexibility” for when 1 TB is scheduled—i.e., there are no restrictions placed on the ranges of values indicated by the DCI fields in legacy DCI Format 6-1A. This includes full-flexibility for per-TB RV index signalling as well as for the FH indicator.
2. For 2 TBs scheduled, full-flexibility is retained except:
a. We allow 2 choices of starting RV per scheduled TB (independent across the 2 TBs)
3. For number of TBs  the starting RV across the set of TBs is fixed to RV0.
4. For number of TBs , the design allows for scheduling all possible combinations of HARQ IDs, while for   TBs, continuous HARQ IDs (with wrap-around) may be scheduled; for 7 TBs the start HARQ ID is 0, i.e., the set of HARQ processes is fixed to {0,…,6}.  
5. The Frequency Hopping (FH) indicator is present in DCI only for number of TBs 
a. For other values of number of TBs, the RRC indication is followed 
6. The design adds a total of 5 bits to legacy DCI Format 6-1A.





The following table summarizes the constraints for different number of scheduled TBs:
	Number of TBs
	HARQ process constraint
	RV constraint
	Frequency hopping

	1
	None
	None
	Indicated in DCI

	2
	None
	{0,2}, separate for each TB
	Indicated in DCI

	3
	None
	Fixed to 0
	Follow RRC

	4
	None
	Fixed to 0
	Follow RRC

	5
	Contiguous HARQ with wrap-around
	Fixed to 0
	Follow RRC

	6
	Contiguous HARQ with wrap-around
	Fixed to 0
	Follow RRC

	7
	Only processes {0,…,6}
	Fixed to 0
	Follow RRC

	8
	None
	Fixed to 0
	Indicated in DCI



 The areas in which our design differs from the one presented in Section 2 for CE Mode B are as follows:
1. We don’t impose any MCS restriction for CE Mode A. This is because CE Mode A is designed for UEs with relatively good coverage (compared to CE Mode B), and the higher MCS values are more useful
2. In the design for CE Mode A, as we will illustrate, there is no explicit indication (such as the bit  in Section 2.1) to differentiate whether the number of TBs scheduled  or 
a. The implicit indication saves DCI bits, as the explicit bit only serves “one purpose”. However, from the math for CE Mode B, we determined that the explicit bit does not cost us—for CE Mode A, it does.
DCI Encoding
Table 2 outlines the encoding for the 12-bit DCI chunk across HARQ processes, NDIs, RVs (when present), and FH indicator (when present). The approach is similar in spirit to the encoding for CE Mode B, outlined in section 2. Depending on how many TBs are scheduled, combinatorial numbers , and the decimal numbers ,  and  (where  denotes the number of TBs scheduled) are used to index the HARQ processes scheduled, as well as their NDIs and RV indices (whenever present). These numbers are formally defined below:
1.   is the combinatorial index mapping the HARQ processes  scheduled, and is given by , where 
2.  is the index mapping the NDIs  of the HARQ processes  scheduled, and is given by 
a. This is simple to interpret: each of the  bits represent the NDI for the corresponding HARQ process, and decoding this is a simple bit-wise reading of the underlying -bit number to obtain the NDIs
3.   is the index mapping the RVs and is given by
a.  (4 RVs allowed for the 1 TB scheduled) 
b.  where  denote the (restricted) RV indices of the 2 TBs scheduled (Note: here, the values {0,1} may be used to refer to any 2 RV indices possible)
4.  is the 1-bit flag for frequency hopping indication, that may take values  
In addition, for number of scheduled TBs  we also define the parameter  that denotes the start ID of the contiguous HARQ processes that may be scheduled.  can take values .
Table 2: Encoding of jointly valid combinations for 12-bit DCI chunk in CE Mode A
	Number of TBs Scheduled
	Jointly valid combinations across, HARQ Processes, NDIs, RVs, FH indicator
	Value range of 12-bit DCI chunk
	Encoding expression for 12-bit DCI chunk

	1 TB
(full flexibility)
	
	
	

	2 TBs
(2 RV choices for each TB)
	
	
	


	3 TBs
(Fixed starting RV; no FH indicator)
	
	
	


	4 TBs
(Fixed starting RV; no FH indicator)
	
	
	


	5 TBs
(Fixed starting RV; Continuous HARQ; no FH indicator)
	

	

	


	6 TBs
(Fixed starting RV; Continuous HARQ IDs; no FH indicator)
	

	

	


	7 TBs
(Fixed starting RV; Continuous HARQ IDs with start ID = 0; no FH indicator)
	

	

	



	8 TBs
(Fixed starting RV)
	
	
	


	Total Combinations   bits to encode




DCI Decoding of 12-bit jointly encoded chunk
The jointly encoded DCI can be decoded at the UE with simple arithmetic operations as outlined in the steps below. Note that every UE performs much more complex operations in practice—e.g., performing channel estimation. Also, there are similar operations performed in current LTE spec (e.g. calculation of CQI periodicity and offset in Table 7.2.2-1A, calculation of SRS periodicity and offset in Table 8.2-1, both in TS 36.213).
· From the decimal value D of the 12-bit chunk, determine —the number of TBs scheduled
· This requires comparing the decimal value with 7 thresholds.
· Subtract the “bias term” B and proceed with the following steps on the binary equivalent of D-B
·  If FH flag is present (i.e. if ), the LSB is the FH flag
· Read FH flag and shift LSB pointer to the left by 1
· The next  bits to the left denote the NDI values for the  scheduled HARQ processes
· Read NDIs and shift LSB pointer to the left by 
· If RV is present (i.e., if )
· The two LSBs from the current pointer now provide the RV values
· Note: Interpretation is different based on whether 1 or 2 TBs are scheduled 
· Read RVs and shift LSB pointer to the left by 2
· Decode HARQ process IDs scheduled as:
· If , all HARQ processes are scheduled
· If , HARQ IDs scheduled = 0,1,2,3,4,5,6
· Else If , HARQ IDs are contiguous with start ID given by the 3 LSBs from the current pointer
· Else, decode the combinatorial numbers  

In the following table, we summarize how to interpret the bitmap after subtracting the bias term.
Table 3 Binary representation of the bias-removed field for different number of TBs.
	#TBs
	B10
	B9
	B8
	B7
	B6
	B5
	B4
	B3
	B2
	B1
	B0

	1
	-
	-
	-
	-
	HARQ process ID
	RVID
	NDI
	FH flag

	2
	-
	HARQ process IDs (combinatorial)
	RVID
	RVID
	NDI
	NDI
	FH flag

	3
	-
	-
	HARQ process IDs (combinatorial)
	NDI
	NDI
	NDI

	4
	HARQ process IDs (combinatorial)
	NDI
	NDI
	NDI
	NDI

	5
	-
	-
	-
	Start HARQ ID
	NDI
	NDI
	NDI
	NDI
	NDI

	6
	-
	-
	Start HARQ ID
	NDI
	NDI
	NDI
	NDI
	NDI
	NDI

	7
	-
	-
	-
	-
	NDI
	NDI
	NDI
	NDI
	NDI
	NDI
	NDI

	8
	-
	-
	NDI
	NDI
	NDI
	NDI
	NDI
	NDI
	NDI
	NDI
	FH flag



Proposals for CE Mode A  
Proposal 3: For the DCI design for scheduling multiple transport blocks in CE Mode A:
· Retain same scheduling flexibility as legacy DCI when 1 TBs scheduled 
· Retain same scheduling flexibility for 2 TBs scheduled except:
· Allow 2 possible choices of RV index for each TB independently
· Retain scheduling flexibility across all HARQ ID combinations of 1, 2, 3, 4 or 8 TBs
· Allow scheduling of 5 or 6 TBs using continuous HARQ IDs with arbitrary start HARQ ID
· Allow scheduling of 7 TBs using continuous HARQ IDs with start HARQ ID equal to 0
· Jointly encode HARQ processes, NDIs, RV indices (when present) and FH indicator (when present)
· For number of scheduled TBs , the starting RV for each TB across a set of repetitions is RV0
· Retain FH indication in DCI only present for number of scheduled TBs ; for other values of number of TBs scheduled, the RRC indication is followed. 

Proposal 4: Adopt the DCI design for scheduling multiple transport blocks in CE Mode A outlined in Section 3.
HARQ-ACK Bundling Configurations for CE Mode A
For multiple TB scheduling by a single DCI, the “bundling configuration”—i.e., how the transmitted TBs are grouped into bundles, need to be signaled to the UE. Simply signaling a single bundling size is not enough. As an example, consider the case when  TBs are scheduled by a single DCI. The TBs can be grouped in multiple ways—e.g., (2,2,2,2), (3,3,2), (4,4) are possible bundling configurations. Note that for different values of , the “valid” bundling configurations will vary. For example, when  the valid bundling configurations are (2,1) and (3)—very different from the possibilities mentioned above for . In addition, to keep the legacy functionality of HARQ ACK bundling flag in DCI, we propose to always have the possibility to have bundling disabled from DCI, even if bundling is configured by RRC.
With the above in mind, we propose the following interpretation of a -bit HARQ ACK bundling configuration field as shown in the Table 4 below.
Table 4: DCI Indication of HARQ ACK Bundling Configuration for Multi-TB scheduling
	 (Determined from DCI)
	HARQ-ACK-Bundling Configuration

	
	Value = ‘00’
	Value = ‘01’
	Value = ‘10’
	Value = ‘11’

	1
	‘Unbundled’
	‘Unbundled’
	‘Unbundled’
	‘Unbundled’

	2
	‘Unbundled’
	‘Unbundled’
	‘Unbundled’
	(2)

	3
	‘Unbundled’
	‘Unbundled’
	(3)
	(2,1)

	4
	‘Unbundled’
	(4)
	(3,1)
	(2,2)

	5
	‘Unbundled’
	(4,1)
	(3,2)
	(2,2,1)

	6
	‘Unbundled’
	(4,2)
	(3,3)
	(2,2,2)

	7
	‘Unbundled’
	(4,3)
	(3,2,2)
	(2,2,2,1)

	8
	‘Unbundled’
	(4,4)
	(3,3,2)
	(2,2,2,2)



Proposal 5: Use 2 bits in DCI to signal the bundling configuration used when multiple TBs are scheduled by a single DCI, where the 2-bit field is interpreted jointly with the number of scheduled TBs according to Table 4 in Section 4, and one entry always signals unbundled transmission. 
HARQ-ACK Timeline Determination
[image: ]
Figure 1: Illustration of HARQ ACK timeline for multiple TBs scheduled by a DCI
We now outline an efficient “pipelined” transmission of HARQ ACKs for the multiple TBs scheduled by a single DCI. In the multi-TB setting, the UE may be able to process one TB while it is still receiving another TB of the multiple TBs scheduled by the DCI. Our method below works irrespective of whether interleaving is enabled or not.
Timeline determination with no HARQ ACK bundling
Denote by , the last (absolute) subframe index for the  TB, , where  denotes the number of TBs scheduled by the DCI. Accounting for the  processing time for PDSCH, and the  switch time (only for HD-FDD), we can express the starting (absolute) subframe  for the ACK transmission corresponding to  (in the absence of HARQ ACK bundling) as follows:
· For HD-FDD
· 
· 
· For FD-FDD and TDD
· 
· 
where  denotes the number of absolute subframes required to transmit the ACK for the  TB.
[bookmark: _Hlk23966386]Proposal 6: The starting (absolute) subframe  for the ACK transmission corresponding to for ,  in the absence of HARQ ACK bundling is determined as:
· 
· 
where denotes the last (absolute) subframe index for the  TB, ;  denotes the number of absolute subframes required to transmit the ACK for the  TB;  for HD-FDD and  otherwise
Timeline determination with HARQ ACK bundling
When HARQ ACK bundling is enabled, denote by where  denotes the  bundle in the configuration.
As an example, consider the case of  and the bundling configuration (. In this case, there are  bundles, with the bundle  comprising , the bundle  comprising  and the bundle comprising . In this case, we have 
With the above notation in mind, in the presence of HARQ ACK bundling, the ACK timelines are given by:
· For HD-FDD
· 
· 
· For FD-HDD and TDD
· 
· 
Where  denotes the starting (absolute) subframe index for the HARQ ACK for the  TB bundle, and  denotes the number of absolute subframes required to transmit the HARQ ACK for the  TB bundle.
Proposal 7: The starting (absolute) subframe  for the ACK transmission corresponding to TB bundle  in the is determined as:
· 
· 
Where ;  denotes the starting (absolute) subframe index for the HARQ ACK for the  TB bundle;  denotes the number of absolute subframes required to transmit the HARQ ACK for the  TB bundle;  for HD-FDD and  otherwise.

Hopping-aware interleaver design
While it has been agreed to support inter-TB interleaving (across TB repetitions) for multiple TBs scheduled by a single DCI, the exact design of the interleaver—and more critically, how the interleaving pattern is also able to equitably distribute all TBs across all the frequency narrowbands when frequency hopping is enabled—has not been discussed thus far.
As we will motivate with an example, this problem is not trivial—a simple row-column interleaving of TBs may lead to cases where some of the TBs only see a subset of the narrowbands that may be configured. Before we provide the example, and indeed present our solution, it is instructive to setup notation that we will be using throughout the Section.
Parameters and Corresponding Notation
1. : This denotes the hopping interval—i.e., the number of contiguous subframes in the same NB before the transmission hops to the next narrowband. This parameter is defined in TS 36.211 Section 6.4.1
2.  : This denotes the number of hopping narrowbands that may be configured. This parameter too is defined in TS 36.211 Section 6.4.1
3. : This parameter denotes the interleaving granularity that may be configured/specified for multi TB transmission. Interleaving granularity is defined as the number of repetitions of a TB that form the “base unit” of interleaving. For example, if , the interleaved TBs would be of the form {0,1,2,3,0,1,2,3}, if , the interleaved output will be {0,0,1,1,2,2,3,3,0,0…}, and so on.
4. : This parameter denotes the actual number of TBs scheduled by the DCI. This is distinct from the maximum number of TBs configured-. As we will illustrate in this Section, it is critical to have the interleaving pattern depend on , to ensure equitable distribution of TBs across narrowbands for all possible scheduling situations.
Motivating example
We now present an example, that illustrates why a simple row-column interleaving in time, without regard to the hopping pattern in frequency, leads to some TBs experiencing only a limited (and suboptimal) subset of frequency narrowbands configured.
In our running example, the configuration parameters are as follows: . With simple row-column interleaving in time, across the repetitions of the 4 TBs (indexed in the figure and having TB identifiers ), we see in the illustration below, that TBs 0 and 1 only see narrowbands NB0 and NB2, while TBs 2 and 3 only see narrowbands NB1 and NB3. Clearly, this is undesirable, and we want a pattern that ensures that for all possible configurations, every TB has its repetitions equitably distributed across all scheduled narrowbands. 
[image: ]

Design of hopping-aware, interleaved TB mapping, 
Sub-unit determination
Our design first identifies “sub-units” in time that encompass: 
1.  subframes: This ensures that at least  repetitions of each of the  TBs are covered within the sub-unit
2.  subframes: This ensures that a sub-unit spans all the configured narrowbands
From the quantities above, we determine our sub-unit size to be equal to the Lowest Common Multiple (LCM) of  and .
The sub-unit index in which a subframe  lies is therefore given by .
Cyclic shifts across sub-units
We now need to check if the sub-unit(s) thus obtained already distribute all the  TBs equitably across all narrowbands—the condition to check this is whether the quantities  and  are co-prime—i.e., whether or not the Greatest Common Factor (GCF) of the two quantities is equal to 1. If the GCF is 1, then each sub-unit provides adequate frequency diversity, and we can simply repeat the subunits in time. If not, however, we need to introduce cyclic shifts to the TB indices across consecutive sub-units, so that any concentration of TBs to a subset of narrowbands in a given sub-unit is spread out across sub-units. The value of the cyclic shift that ensures the minimum number of shifts required before we cycle back to the original sub-unit structure is given by . Putting the conditions together, we obtain the cyclic shift that needs to be applied to each sub-unit with respect to its immediately preceding sub-unit as . Note that the term  is equal to 0 is the quantities in the GCF are co-prime.
Combining the above entities (sub-unit index determination, and cyclic shift determination) we have, for a given subframe index , the cyclic shift is given by (up to modulo additive operations with )

Putting it all together
Putting together all the key ingredients described above, we have the TB index  at subframe  as:
,
where the operation  ensures that  consecutive subframes have the same TB index.
Example Revisited
We now apply our design of  as derived above to our motivating example in the beginning of the Section. For this example, the derived parameters relevant to our design of  are as follows:
; ,
 
Our equation in this case becomes


The resulting time-frequency mapping of the TBs is shown is illustrated below. As is evident, the distribution of TBs is now equitable across all the configured narrowbands.

[image: ]

Proposal 8: For subframe index  the TB index mapping , which implicitly involves the design of the time-domain interleaver, should be designed such that all TBs have an equitable distribution of repetitions across all configured narrowbands
Proposal 9: With frequency hopping enabled, for subframe index  the TB index mapping  should depend on the actual number of TBs scheduled, and the relationship may be determined by 
,
where the parameters are as defined in this contribution.
Interleaving Granularity
The purpose of interleaving is to provide time diversity to the TB transmissions when multiple TBs are scheduled by a single DCI. Given that a large number (up to 8) TBs may be scheduled by a single DCI, it is important to note that even with a small interleaving granularity, significant time diversity gains may be realized by interleaving the TB repetitions across time. We thus believe that to facilitate maximum time diversity gains, the interleaving granularity should be 1 subframe for CE Mode A and 4 subframes for CE Mode B (to preserve the RV cycling repetitions together).
Both with and without frequency hopping, the interleaver design proposed in Section 6 above can be applied to derive the TB-to-subframe mapping, with an  for CE Mode A, and  for CE Mode B. When frequency hopping is not configured, the equation collapses to a simple row-column interleaving of TBs across subframes
Proposal 10: The interleaving granularity is 1 subframe for CE Mode A and 4 subframes for CE Mode B with and without frequency hopping.
Applicability of other features
In RAN1#96b, bundling multi-TB scheduling with other features was discussed. In the following below we provide our views on supporting configuration of other features together with multi-TB scheduling:
· Rel-14 feature for new numbers of repetitions for PUSCH and modulation restrictions for PDSCH/PUSCH in CE mode A:
· The configuration of this increases the size of the “repetition number” field and adds an additional bit in the DCI.
· This case was mainly for VoLTE (align number of repetitions with VoLTE packet arrivals), for multi-TB this case does not seem to be relevant.
· Do not support new repetitions, support modulation restrictions.
· Rel-14 feature for 2984 bits max UL TBS in 1.4 MHz in CE mode A
· The configuration of this feature does not affect the DCI size, only the interpretation of its contents.
· This feature is supported.
· Rel-14 feature on HARQ-ACK bundling in HD-FDD in CE mode A
· There is agreement to support configured bundling for multi-TB, so this feature should not apply.
· Do not support.
· Rel-14 features for 5 or 20 MHz max PDSCH/PUSCH channel bandwidths in CE mode A/B
· This feature has a big impact on the DCI design. Additionally, the benefit of reduced overhead of MPDCCH may be reduced in this case, where the TB can span more than 1.4MHz.
· Do not support.
· Rel-14 feature for 10 downlink HARQ processes in FDD in CE mode A
· With the presence of bundling, it is unclear if we would actually need more than 10 HARQ processes to achieve “full rate scheduling”.
· Revisit after bundling decision.
· Rel-14 feature for dynamic HARQ-ACK delay for HD-FDD in CE mode A
· The delays for HARQ-ACK should be designed in such a way that the desired behaviour is obtained without the need to explicitly signal HARQ-ACK.
· Rel-15 features for flexible starting PRB for PDSCH/PUSCH in CE mode A/B
· This feature only changes the resource allocation field (which is common for all TBs).
· This feature is supported.
· Rel-15 feature for PUSCH sub-PRB allocation in CE mode A/B.
· Adding sub-PRB may complicate the design, since there is bundling across multiple fields.
· If DCI design allows for accommodating this easily, it should be supported.
· This feature is deprioritized.
· Rel-15 feature for 64QAM for non-repeated unicast PDSCH in CE mode A
· This feature bundles together the MCS field with the FH flag, which may complicate the DCI design.
· Depending on the DCI design, this feature can be added.
· This feature is deprioritized.
· Rel-15 feature for uplink HARQ-ACK feedback in DCI in CE mode A/B
· For HD-FDD: Support if there are spare states in DCI.
· For TDD and FD-FDD (early termination): Need further study.

Proposal 11: For optional features:
	- Supported: Modulation restrictions, 2984 bits, flexible PRB, HARQ-ACK feedback (except early termination)
	- Deprioritized/FFS: 10 HARQ processes, sub-PRB, 64-QAM, early PUSCH termination.
	- Not supported: New repetitions for PDSCH/PUSCH, larger BW, HARQ-ACK bundling,  dynamic HARQ-Ack delay
Summary
Proposal 1: For the DCI design for scheduling multiple transport blocks in CE Mode B:
· Retain same scheduling flexibility as legacy DCI when the number of TBs scheduled 
· Retain full scheduling flexibility across all combinations of (up to 4) HARQ processes for all values of number of TBs scheduled
· Jointly encode HARQ processes scheduled and NDIs for all values of number of TBs scheduled
· For number of scheduled TBs , restrict the MCSs allowed when number of repetitions is large 

Proposal 2: Adopt the DCI design for scheduling multiple transport blocks in CE Mode B outlined in Section 2.
Proposal 3: For the DCI design for scheduling multiple transport blocks in CE Mode A:
· Retain same scheduling flexibility as legacy DCI when 1 TBs scheduled 
· Retain same scheduling flexibility for 2 TBs scheduled except:
· Allow 2 possible choices of RV index for each TB independently
· Retain scheduling flexibility across all HARQ ID combinations of 1, 2, 3, 4 or 8 TBs
· Allow scheduling of 5 or 6 TBs using continuous HARQ IDs with arbitrary start HARQ ID
· Allow scheduling of 7 TBs using continuous HARQ IDs with start HARQ ID equal to 0
· Jointly encode HARQ processes, NDIs, RV indices (when present) and FH indicator (when present)
· For number of scheduled TBs , the starting RV for each TB across a set of repetitions is RV0
· Retain FH indication in DCI only present for number of scheduled TBs ; for other values of number of TBs scheduled, the RRC indication is followed. 

Proposal 4: Adopt the DCI design for scheduling multiple transport blocks in CE Mode A outlined in Section 3.
Proposal 5: Use 2 bits in DCI to signal the bundling configuration used when multiple TBs are scheduled by a single DCI, where the 2-bit field is interpreted jointly with the number of scheduled TBs according to Table 4 in Section 4 and one entry always signals unbundled transmission. 
Proposal 6: The starting (absolute) subframe  for the ACK transmission corresponding to for ,  in the absence of HARQ ACK bundling is determined as:
· 
· 
where denotes the last (absolute) subframe index for the  TB, ;  denotes the number of absolute subframes required to transmit the ACK for the  TB;  for HD-FDD and  otherwise
Proposal 7: The starting (absolute) subframe  for the ACK transmission corresponding to TB bundle  in the is determined as:
· 
· 
Where ;  denotes the starting (absolute) subframe index for the HARQ ACK for the  TB bundle;  denotes the number of absolute subframes required to transmit the HARQ ACK for the  TB bundle;  for HD-FDD and  otherwise.
Proposal 8: For subframe index  the TB index mapping , which implicitly involves the design of the time-domain interleaver, should be designed such that all TBs have an equitable distribution of repetitions across all configured narrowbands.
Proposal 9: With frequency hopping enabled, for subframe index  the TB index mapping  should depend on the actual number of TBs scheduled, and the relationship may be determined by 
,
where the parameters are as defined in this contribution.
Proposal 10: The interleaving granularity is 1 subframe for CE Mode A and 4 subframes for CE Mode B with and without frequency hopping. 
Proposal 11: For optional features:
	- Supported: Modulation restrictions, 2984 bits, flexible PRB, HARQ-ACK feedback (except early termination)
	- Deprioritized/FFS: 10 HARQ processes, sub-PRB, 64-QAM, early PUSCH termination.
	- Not supported: New repetitions for PDSCH/PUSCH, larger BW, HARQ-ACK bundling,  dynamic HARQ-Ack delay
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Example 1: Time frequency arrangement of TBs 0, 1, 2 and 3 with simple row-column time-domain interleaving
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Example 1: Time frequency arrangement of TBs 0, 1, 2 and 3 with proposed design of 1., (1)




