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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.

In this contribution, we studied multi transport blocks (TBs) scheduling for unicast. Enhanced SPS and scheduling without DCI for SC-PTM was not studied.  Moreover, we studied the benefit of interleaving of the transmitted TBs and inserting gaps between transmissions to improve time diversity. We also looked at techniques to reduce multi-TB grants (MTBG) size. 
2. MPDCCH Resources
Currently, multiple transport blocks (TBs) must be scheduled individually. For example, the following figure shows 8 TBs with 4 repeats each, where each color represents a different TB:
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	Figure 1. Single TB grant (STBG) scheduling


However, the above method has a lot of wasted sub-frames (SFs) and grants. A Multi-TB grant (MTBG) with the same 8 TBs and 4 repetitions can be scheduled more efficiently as follows:
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	Figure 2. Multi-TB grant (MTBG) scheduling


LTE-M devices must be simple, so a UE can NOT do blind decoding on the MPDCCH for different sized DCI messages (i.e. grants). 
Proposal 1: Multi-TB grant (MTBG) scheduling shall not increase blind decoding options

A MTBG should only be used when more than the maximum single TBS (e.g. 1000 bits) needs to be sent. Since >1000bits may not always be available, it is important that both STBG and MTBG be supported dynamically (with RRC reconfiguration) when the MTBG feature is enabled, thus the following proposals are made:
Proposal 2: The Multi-TB grant (MTBG) Feature shall be configured/enabled by RRC 

Proposal 3: When the MTBG feature is configured/enabled, both single-TB grant (STBG) and MTBG are supported. 

One of the motivations to support MTBG is to reduce MPDCCH resources, but there is a potential problem if the size of the MTBG grows too large.  If the multi-TB grant (MTBG) grows, the single TB grant (STBG) will have to be padded and grows as well. If the MTBG is not used all the time, this may in fact increase MPDCCH resource usage – the opposite of the motivation. For example, assuming legacy STBG size is 35bits, MTBG adds 10 bits, MTBG are used 5% of the time, and 4 TBs are schedule with a MTBG, then the average number of bits per TB is calculated as:

MTBG feature disabled:  35 bits per TB
MTBG feature enabled:  STBG Ave + MTBG Ave= (35+10)*0.95 + (35+10)/4*0.05= 43 bits per TB
Thus, it is very important to keep the MTBG from growing much larger than the STBG. 

Ideally, for each TB the following fields would be duplicated in the MTBG:

· MCS – 4 bits

· HARQ ID – 3 bits

· RV – 2 bits

· New Data Indication – 1 bit

· HARQ-ACK resource offset – 2 bits

Assuming up to 8 TB could be granted per MTBG, this would add 84 extra bits (i.e. 7*(4+3+2+1+2)=84).
However, there are several possible techniques outlined in Appendix II that can be used to minimize the size of a MTBG, where depending on scheduling flexibility, only 1 bit may need to be added. 

Observation 1: To ensure the MTBG feature saves MPDCCH resources, the size of the MTBG should not grow by more than a few bits.
3. Interleaving Transport Blocks
When repeats are used, interleaving TBs can introduce time diversity. The figures below show the example with 8 TBs that are repeated 4 times each: 
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	Figure 3. Non-Interleaved TBs
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	Figure 4. Interleaved TBs


Observation 2: Interleaving transport blocks increases time diversity

To determine how much gain the interleaving of TBs provides, PUSCH LLS were conducted (See appendix I for detailed simulation assumptions). The following tables show the SNR gains at the 10% BLER point for different number of repetitions and Doppler frequencies:
Table 1. SNR Gain using Interleaved TBs
	Doppler Frequency
	Number of Repeats
	Number of TBs
	Gain (dB)

	1 Hz
	8
	8
	0

	5 Hz
	8
	8
	1.5

	10 Hz
	8
	8
	1.8

	1 Hz
	32
	8
	0.8

	5 Hz
	32
	8
	2.4

	1 Hz
	256
	8
	2.1

	5 Hz
	256
	8
	1.3


From the above table, the following observations can be made:

Observation 3: Interleaving transport blocks can provide up to 2.4 dB in SNR gain for PUSCH. 

Observation 4: The SNR gain depends on Doppler frequency and number of repeats.

The dependence of the gain on doppler and number of repeats is linked to the relationship between the transmission time and the the channel coherence time.  For there to be measurable SNR gain, the transmission time should be close to the channel coherence time.  For example, there is no gain for 1 Hz doppler with 8 repeats because the transmission time with the interleaving is still only 8X8 =64ms long which is still too short compared to the channel coherence time for a 1Hz channel but for 32 repeats, transmission time with the interleaving is 8X32=256ms long and thus shows gain of 1.5dB.   However, if the transmission length without interleaving is near the channel coherence time, then there will be less gain from interleaving. This is why for 256 repeats there is more gain for interleaving at 1Hz than at 5Hz. Given that the larger number of repetitions will typically be used for indoor scenarios where the doppler frequencies are generally low, and that smaller number of repeats (in mode A) will be used in higher mobility scenarios with higher doppler frequencies, this linkage between SNR gain to the number of repeats and doppler is not a limiting factor. 

The SNR gain due to interleaving translates into PUSCH resources savings and UE power consumption savings. For example, with the 2.4dB SNR gain, approximately 42% savings in PUSCH resources will result which is a larger saving than the MPDCCH savings. Also, since the transmission will be 42% shorter, a 42% savings in UE power consumption will result. 

Observation 5: Interleaving transport blocks provides a large (e.g. 42%) reduction in PUSCH resources and UE power consumption. 

It is worth mentioning that applying the same interleaving technique in the downlink is expected to yield similar performance gains and to save PDSCH resources. 
Observation 6: Interleaving transport blocks can provide SNR gains for the PDSCH. 
4. Interleaving with 2 TBs
The previous section assumed the availability of 8 TBs for transmission. However, sometimes 8 TBs may not always be possible. For example, if a UE does not have enough data to fill 8 TBs or if the UE is in CE mode B where only 2 HARQ processes are supported.  The figure below shows how much time diversity is lost when only 2 TBs are available for transmission compared to the case when 8 TBs are available for transmission (i.e. has only 2X time diversity compared to a gain of 8X time diversity). 
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	Figure 5.  Interleaving with 8 vs 2 TBs with 4 repeats 


To determine how much gain interleaving with 2 vs 8 TBs provides, PUSCH LLS were conducted (See appendix I for detailed simulation assumptions). The following table shows the SNR gains at the 10% BLER point for different number of repetitions and Doppler frequencies:

Table 2. Interleave gain 8 vs 2TBs
	Doppler Frequency
	Number of Repeats
	Number of TBs
	Gain (dB)

	5 Hz
	8
	8
	1.5

	5 Hz
	8
	2
	0

	5 Hz
	32
	8
	2.4

	5 Hz
	32
	2
	0.9

	1 Hz
	256
	8
	2.2

	1 Hz
	256
	2
	0.9


Observation 7: There is a significant degradation in performance when only 2 TBs are interleaved compared to the case when 8 TBs are interleaved.
5. Gaps
One remedy for increasing the level of time diversity when only 2 TBs are used is by introducing gaps between repeats. The figure below shows the case of 2 TBs with and without the introduction of gaps:
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	Figure 6. Interleaving with no gaps, small gaps, and large gaps


To determine how much gain interleaving with gaps provides, PUSCH LLS were conducted at 5Hz Doppler (See appendix I for detailed simulation assumptions). The following tables show the time diversity gains at the 10% BLER point for different gaps, number of repetitions and Doppler frequencies:

Table 3. Interleaving gain with Gaps for 2 TBs
	Doppler Frequency
	Number of Repeats
	Number of TBs
	Gaps

(ms)
	Time Diversity
	Cross SF Channel Est
	Gain (dB)

	5 Hz
	8
	2
	0ms
	2X
	7
	0

	5 Hz
	8
	2
	7 gaps of 6ms
	8X
	1
	0.3

	5 Hz
	8
	2
	1 gap of 42ms
	8X
	7
	1.8

	5 Hz
	32
	2
	0ms
	2X
	7
	0.9

	5 Hz
	32
	2
	31 gaps of 6ms
	8X
	1
	0.8

	5 Hz
	32
	2
	1 gap of 186ms
	8X
	7
	1.8

	5 Hz
	32
	2
	3 gaps of 62ms
	8X
	7
	2.7

	1 Hz
	256
	2
	0ms
	2X
	7
	0.9

	1 Hz
	256
	2
	255 gaps of 6ms
	8X
	1
	-0.8

	1 Hz
	256
	2
	1 gap of 1530ms
	8X
	7
	2.0

	1 Hz
	256
	2
	3 gaps of 510ms
	8X
	7
	2.5

	1 Hz
	256
	2
	1 gap of 500ms
	4X
	7
	1.8


From above, small gaps do not perform as well as large gaps because less cross-SF channel estimation can be used. Also, small gaps will be more difficult to schedule other traffic in and they are less efficient for UEs to go into low power states.  Adding a large to medium sized gap, provides similar gain as when 8 TBs are available.

Observation 8: Adding gaps when < 8 TBs are scheduled, provides SNR gains similar to when 8 TBs are available. 
Although adding a gap will reduce network resources and improve UE battery life, it will slow the data speed down which may not be desirable for some underlying applications.  Below is a table of calculated data speeds for different scenarios: 
Table 4. PUSCH Data Speeds

	Schedule TBs
	PUSCH

Repeats
	MPDCCH

Repeats
	Gap

(ms)
	SNR Gain

(dB)
	Data Speed

(kbps

	1(Legacy)
	8
	1
	0
	0
	66.7

	2
	8
	1
	0
	0
	87.0

	2
	8
	1
	42
	1.8
	46.6

	3
	8
	1
	36
	1.8
	67.8

	4
	8
	1
	30
	1.8
	87.7

	
	
	
	
	
	

	1(Legacy)
	32
	4
	0
	0
	23.8

	2
	32
	4
	0
	0.9
	33.3

	2
	32
	4
	186
	2.7
	14.3

	3
	32
	4
	154
	2.7
	21.5

	4
	32
	4
	122
	2.7
	28.6


From the above table, the resulting data speed when adding gaps depends on the number of scheduled TBs and gap size. Even with the added gaps, when 3 or more TBs are scheduled, the data speed can be higher than the legacy case of single TB scheduling.  Given this, there is no need for a configuration mechanism for the UE to indicate if gaps or no gaps are needed, the eNB can decide autonomously whether gaps are used or not.
Observation 9: When 3 or more TB are scheduled with gaps, the data speeds can be similar to legacy scheduling thus the eNB can decide autonomously whether to add gaps.  
Hence, it is proposed to add gaps between transmissions to enforce time diversity and, meanwhile, maintain a minimum transmission time to guarantee sufficient number of sub-frames for cross-sub-frame channel estimation.
Proposal 4: Support multi transport block scheduling using DCI grants in connected mode. 
When repeats are used, interleave the TB repetitions. 
When <8 TBs are scheduled, support adding gaps in the transmission to increase time diversity

6. Cyclic Repetition in CE Mode B
Cyclic repetition is used in LTE-M CE Mode B. The main purpose of cyclic repetition is to enable symbol-level I/Q combining and to improve frequency/timing offset tracking.  This advantage would be good to maintain for MTBGs. So, for CE mode B, the interleaving operation should be based upon 4 SFs where the RV sent is the same for 4 SFs. The figure below shows an example for 2 TBs and repeats of 16 and a gap of 50ms:
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	Figure 7.  Interleaving with 4 SFs of Cyclic Repetition


Observation 10: Cyclic repetition can still be supported with interleaving and gaps
LLS should be conducted to confirm that using a 4 SFs interleaving method, as shown above, will not degrade SNR performance.

7. Frequency Hopping

The evaluation in this tdoc assumes frequency hopping is disabled. This was chosen because most commercial systems do not support frequency hopping.  Also, it has been shown in [2] that even when FH is enabled, the SNR gain due to time diversity is still significant (+2dB) with system bandwidths of <10MHz.
8. Conclusions
Proposal 1: Multi-TB grant (MTBG) scheduling shall not increase blind decoding options

Proposal 2: The Multi-TB grant (MTBG) Feature shall be configured/enabled by RRC 

Proposal 3: When the MTBG feature is configured/enabled, both single-TB grant (STBG) and MTBG are supported. 

Observation 1: To ensure the MTBG feature saves MPDCCH resources, the size of the MTBG should not grow by more than a few bits.

Observation 2: Interleaving transport blocks increases time diversity

Observation 3: Interleaving transport blocks can provide up to 2.4 dB in SNR gain for PUSCH. 

Observation 4: The SNR gain depends on Doppler frequency and number of repeats.

Observation 5: Interleaving transport blocks provides a large (e.g. 42%) reduction in PUSCH resources and UE power consumption. 

Observation 6: Interleaving transport blocks can provide SNR gains for the PDSCH. 

Observation 7: There is a significant degradation in performance when only 2 TBs are interleaved compared to the case when 8 TBs are interleaved.
Observation 8: Adding gaps when < 8 TBs are scheduled, provides SNR gains similar to when 8 TBs are available. 

Observation 9: When 3 or more TB are scheduled with gaps, the data speeds can be similar to legacy scheduling thus the eNB can decide autonomously whether to add gaps.  
Proposal 4: Support multi transport block scheduling using DCI grants in connected mode. 
When repeats are used, interleave the TB repetitions. 
When <8 TBs are scheduled, support adding gaps in the transmission to increase time diversity.
Observation 10: Cyclic repetition can still be supported with interleaving and gaps
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Appendix I
LLS Assumptions
	Parameter
	Value

	Antenna configuration
	1x2, low correlation

	UE Tx Power
	23 dBm

	System BW
	10 MHz

	Band
	Band 8 (900 MHz)

	Channel model 
	ETU

	Doppler spread 
	1, 5, and 10 Hz

	Carrier frequency offset
	Uniformly distributed +/- 30 Hz

	Transmission BW
	2 PRBs

	Cross SF Channel estimation
	7 SFs unless otherwise specified

	TBS
	1000 bits

	Frequency Hopping
	No


Appendix II
Techniques to reduce DCI size for MTBG

MTBG (multi-TB grant) Flag bit:

There are some STBG fields that may not be needed for MTBG. To allow these bits to be redefined and re-purposed for a MTBG, a high-level flag indicating if the grant is a STBG or MTBG can be added. This will increase the DCI by 1 bit.

Same MCS for all TBs:

The MCS field is used to designate the modulation scheme and the number of data bits in the TB. If the same MCS is used for all TB in the MTBG, then this field does not need to be duplicated for each TB. This means that, there might be some left over data bits that would need to be scheduled with a STBG, however this is no different than if all grants were STBG.

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 can only use a MTBG if there is sufficiently large number of required bits to transmit/receive (i.e. need 2X the maximum TBS of 1000 bits for LTE-M in CE mode A). So, in general the MTBG will only be used with large TB sizes. So, the MCS options could be limited to a few of the larger TBS or even limited to just one value. These values could be RRC configured or specified in the standard.

Same Resources for all TBs:

The resource field in the DCI specifies the resources used in frequency (i.e. the narrowband and the PRB(s) location used). If the same resource field is used for all TBs in the MTBG, then this field does not need to be duplicated for each TB. There is no foreseen down side for doing this as any information about channel (i.e. frequency selective scheduling) should be applied at the time of the MTBG i.e. there is no further channel information give to the eNB after the transmission starts.

Reduce Resource choices:

The narrowband choices should not be limited as to support frequency selective scheduling but since the TBS will be larger, some of the smaller options for PRBs (e.g. 1 PRB) could be eliminated to save DCI bits because these small PRB options do not provide an optimal code rate of 1/3. For example: in the DL, the # of PRBs could be limited to 4 or 6 PRBs or even just 6 PRBs as this provides the best code rate when no repeats are used and the best coverage performance when repeats are used. For the UL, it will be more complicated as the UE is power limited, so it is more spectral efficient to use less PRBs and rely on RVs to increase the code rate. One method is to map the # of PRBS based on # of repeats and modulation. A table below is an example if >936 bits is used for the TBS and full-PRB transmission is used:

	# of repeats and modulation
	# of PRBs

	1 QAM
	6

	1 QPSK
	6

	2 QPSK
	6

	>=4 QPSK
	2


However, the location of the PRBs within the narrowband still needs to be specified. For example, for 2 PRBs, there are 3 non-overlapping locations within the narrowband so 2 bits are needed to indicate this.

HARQ Process Numbers
Scheduling up to 8 TBs per MTBG is likely to be supported, so the DCI needs to indicate which of the 8 HARQ process numbers it is scheduling. The most flexible method is to include all 8 HARQ ID of 3 bits each but this would increase DCI size by a lot, 7*3=21 bits.  The following methods can be used to reduce DCI size:

· Use an 8-bit mask indicating which HARQ IDs are being scheduled – PREFERRED
· Indicate only the starting HARQ ID and number of TBs – 6 bits 

· Hard code the starting HARQ ID to zero and only specify the number of TBs – 3 bits (for up to 8 TBs per MTBG)

HARQ Retransmission:

If a MTBG can be used to schedule HARQ retransmissions as well as new transmissions, then the following fields need to be duplicated for each TB (i.e. X8).

· RV – 2 bits

· New Data Indication – 1 bit

This would require many bits so some HARQ re-scheduling limitations need to occur. Some limitation could include:

#1 A MTBG can only schedule new or re-transmissions (not both in one grant) then the NDI field duplication is not needed. – PREFERRED
#2 A MTBG can only schedule re-transmission with the same RV, then the RV field does not need to be duplicated per TB. – PREFERRED
#3 A MTBG can NOT schedule re-transmission at all, re-transmission would be scheduled via STBG only. 

Combining options is possible. Combining options 1, and 2 are preferred.

HARQ-ACK resource offset:

The DL Grant includes the PUCCH resource offset the UE will use to send the ACK.  If the same HARQ-ACK resource offset is used for all HARQ-ACKs in the MTBG, then this field does not need to be duplicated for each TB. This would not cause any degradation in Ack reception performance and should not cause harmful limits on the scheduler’s flexibility. 

Note: some of the above techniques may apply to both UL and DL grants, for sub-PRB or full-PRB grants. 

Example Mode A UL MTBG DCI Design – adds ONLY 1 bit to DCI
The following MTBG DCI design could be used:

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

	Total Bits
	15
	


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
	3 non-overlapping locations for PRB within narrowband

	MCS Index
	2
	QAM or QPSK, 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
	1
	Same NDI for all TB

	Total Bits
	15
	


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
Example Mode B UL MTBG DCI Design with gaps - adds ONLY 1 bis to DCI
The following MTBG DCI design could be used:

Note only two HARQ processes are supported in this mode. 

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

	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
	3 locations for PRB within narrowband

	MCS Index
	2
	QAM or QPSK, 2 TBS sizes configured by RRC

	RV
	2
	Same RV for all TBs

	HARQ Process Mask
	2
	HARQ ID Mask – “1” indicates TB is being scheduled for the HARQ ID

	New data indicator
	1
	Same NDI for all TB

	GAP Size
	2
	4 gap values. RRC configured value e.g. 48ms

	Total Bits
	11
	


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
